Electrochemical and spectroelectrochemical studies on rhenium complexes by Liu, Xiaoming
ELECTROCHEMICAL AND 
SPECTROELECTROCHEMICAL STUDIES 
ON RHENIUM COMPLEXES 
Xiaoming Liu 
Ph. D. Thesis 
The University of Edinburgh 
1998 
In Memory of my Dad and Uncle 
To my Mum 
To my Family 
111 
Acknowledgements 
First of all, I would like to thank my supervisor, Dr. Lesley J. Yellowlees, for her 
constant advice, encouragement, enthusiasm, patience and support throughout my 
studies. It is her who gave me the opportunity to pursue my PhD in this internationally 
reputed University. It is this opportunity that is going to make my dream become true, 
the dream I struggled with for years before I came to Edinburgh. 
I also wish to thank Drs. R. 0. Gould and S. Parsons for their help with the crystal 
structure determinations. I am grateful to Drs. S. Bates and C. Morrison for 
performing ab initio calculations on [ReNC1 4} 1 and to Dr. Z. Guo, Yu Cheng, Steve 
and Fokke for their help in searching for crystal structures in the Cambridge Crystal 
Structure Database. I am also grateful to Lijuan for her very helpful advice in 
formatting my thesis. I owe Professor K. Sneddon (Queen's University of Belfast) 
thanks for his generosity in providing the ionic liquid electrolyte. I would like to 
express my gratitude to Professor R. Walton (University of Purdue) and Dr. P. Bailey 
for their helpful discussion on infrared stretching frequencies of some of the 
complexes in Chapter 5 and to Dr. R. Winpenny for his kind help. 
Dr. Kenneth J. Taylor deserves my many thanks not only for his kind help, showing 
me around the Department and teaching me those basic techniques employed in 
Lesley's group, but also for his enthusiasm in sport, which brought me so much fun, 
particularly the enjoyment on the golf driving range. My thanks also go to Dr. 
Nicholas Payne for his help in using computer software. I wish to thank Dr. Alan R. 
Brown for his attitude to research and many useful ideas from which I benefited a lot. 
In the thanking list is Marie, the happy girl, who has brought so much laughter to the 
group. I am grateful to her for reading some chapters of my thesis. "New Ken", the 
fresh force in this group, must also be thanked. His interesting travelling stories gave 
me a piece of relaxation when I struggled in my thesis writing-up. All those people 
who worked or are working in this group deserve my sincere thanks, especially Kate. 
I am indebted to the Committee of Vice-Chancellor and Principle (CVCP) for 
iv 
financial support (ORS award) and this Department for a Demonstratorship and 
allowing me to use its facilities. I am also indebted to the Chinese Government and 
Gannan Teachers' College for financially supporting my academic visit to University 
of Nottingham in 1995, which eventually led to my pursuing a PhD here. 
I wish to express my gratitude to those people who provided excellent technical 
support in this Department and anyone else who helped me throughout my studies. 
Last, but not least, sincere thanks go to my wife Hui and son Yuan for their 
continual support throughout these years. 
V 
Abstract 
A series of binary ligand rhenium complexes [R eC16..n(py)n]z (where n = 0 to 6, z is 
the charge on the complex and py = pyridine) have been chemically and 
electrochemically synthesised via reduction-induced substitution reactions from 
[ReC16]2 . These complexes have been characterised using electrochemical and 
spectroelectrochemical techniques. Seven members of the series, namely, [ReCl5py] 1-, 
trans-, cis-[ReCL(py)2]0' 1,  mer-[ReCI3(py) 3], trans- [ReC12(py)4] 1+,  [ReCl(py)5 ]2 and 
[Re(py) 6]2 , have been structurally characterised by single crystal X-ray diffraction 
studies. Extended HUckel Molecular Orbital calculations have been performed on the 
complexes to elucidate which orientation of the pyridine ring(s) gives rise to the most 
stable structure. The theoretically and experimentally determined structures agree 
well. 
The complexes exhibit a wide range of redox processes spanning from Re lm to Re 
based couples. The electrochemical data obtained from these complexes have been 
used to fit two ligand additivity models, those of Bursten and Lever. Practically, 
Lever's model is more convenient to use than Bursten's model while the latter is more 
successful in correcting for isomer effects. The linear relationship between the half-
wave potentials for the redox couples of the series and either stoichiometry, n, or the 
sum of Lever's ligand parameters EEL indicates that the six ligands around the metal 
centre individually influence the electronic character of the metal centre. Comparison 
of the UV/VisfNIR spectra of [ReCl6n(py)n]z  complexes, varying n and z, has resulted 
in detailed assignments of the charge transfer bands to electronic transitions, including 
the elucidation of d—d transitions within the non-degenerate t2g  orbitals. 
To explore how a ligand alters the stability and reactivity of a complex and hence 
probe the influence of ligand substitution on the electronic structure of the metal 
centre in the complex, three monosubstituted chiororhenium complexes, [ReC1 5L] 1 (L 
= benzonitrile, acetonitrile and pyridine), have been electrochemically and 
spectroelectrochemically studied. The structure of the complex [ReC1 5(NCPh)]' has 
been determined by single crystal X-ray diffraction studies. The three complexes 
Vi  
undergo reduction induced substitution reactions which have been fully investigated 
using several electrochemical techniques. 
A novel way of synthesising the tetrachloronitridorhenate (VI), [ReNC1 4] 1 , has been 
developed. A preliminary study of the reactivity of the complex has been undertaken. 
The complex has been frilly characterised using electrochemical, 
spectroelectrochemical and EPR techniques. The lowest energy absorption band of 
the complex [ReNC1 1]' in dichioromethane exhibits several closely spaced band 
maxima at room temperature which are a result of strong vibronic coupling of the 
absorption band to the ReN stretching vibration. Spectral assignments of the 
absorption bands to electronic transitions have been made based on the results of ab 
initio calculations. 
As a part of the thesis, novel ways of synthesising the two binuclear rhenium 
complexes starting from the complex [ReC1 6]2 are reported. The two complexes have 
also been frilly characterised using UV/Vis spectroscopic and electrochemical 
techniques. 
Throughout the research reported in this thesis, the principal work is devoted to the 
electrochemical and spectroelctrochemical studies of rhenium complexes. 
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1.1 Ligand Additivity Theories 
1.1.1 Ligand Effect in Transition Metal Complexes 
In a transition metal complex the coordinating ligand set, or coordination 
environment, has a significant influence on its properties, e.g., reactivity, stability. The 
influence is intrinsically a reflection of the metal-ligand bond. Nowadays, 
developments in experimental techniques allow inorganic chemists to study extremely 
unstable species. In addition, modern organic syntheses provides the inorganic 
chemists with sterically and electronically unique ligands which can combine with 
transition metals to form coordination compounds. Together the developments greatly 
widen the inorganic chemists' horizons and enable them to consider in greater depth 
the bonding between ligands and transition metals. 
It is not surprising that in the chemistry of transition metal complexes, the 
elucidation of the metal ligand bond has been one of the most intensively studied areas 
by inorganic chemists even although it has been more than one hundred years since 
Werner first published his pioneering work in coordination chemistry in 1893.' 
However, defining ligand effects is not straightforward for inorganic chemists. In 
terms of reaction kinetics, ligand effects have been defined by Golovin et al 2  as the 
changes that occur in the kinetics and thermodynamics of reactions when the 
electronic and steric properties of ligands or incipient ligands are altered. This 
definition is not precise because both kinetic and thermodynamic behaviours are a 
reflection of the changes in molecular bonding. Afterwards, a more satisfactory 
definition was given by Bursten 1 based on the consideration that ligand effects are the 
changes that occur in the bonding, electron distributions, and electronic energies in 
transition metal complexes when the electronic properties of ligands are altered. 
No matter how the ligand effects are defined, there is no doubt that ligand effects on 
transition metal complex properties have attracted the inorganic chemists' attention 
from an early stage of coordination chemistry. It was the study of ligand-effect-
induced spectral shifts of the Laporte-forbidden transition bands for the [Co(NH3)5X]z 
complexes, where X is a variety of ligands, that resulted in the well-known 
spectrochemical series for octahedral complexes. 36 The following series lists common 
ligands in increasing field strength: 
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I- <Br <Cl < SCN <dtp <V urea Off 0 2N OOCH <ox2 <H20 mal2'< 
< pyH3 <endientren <SOt < dip <phen <NO <<NCS <gly edta    
CN 
It was also studies of this type that led to the development of crystal field theory ,79 
ligand field theory, 10-13  and molecular orbital theory. 
For a system of binary ligand transition metal complexes, [MA,B6..]z,  assuming that 
each ligand of same type contributes an equivalent effect to the system to build up an 
"average environment", 14  the energy of a given spin-allowed d—d transition in an 
octahedral complex can be approximated from the energies of the same transitions in 
MAs and MB6 by 
	
VMAB 	(n / 	+ [(6– n) / 6] 	(1) 
That is, the transition energy varies with the progressive substitution of A by B. This 
was the earliest pioneering work in the study of ligand additivity effects. In attempts 
to study the relationship between ligand additivity and the properties of transition 
metal complexes, a number of techniques have been used to investigate ligand effects 
in transition metal complex systems, e.g., electronic spectroscopy, IR spectroscopy, 
NMR spectroscopy, core and valence spectroscopy, Mossbauer spectroscopy, 
electrochemistry. In this work, attention will focus mainly on the electrochemical 
studies of ligand effects and additivity. 
1.1.2 Ligand Effect and Electrochemistry 
For a redox couple, e.g., Fe3 /Fe2 , an electrode potential originates from a charge 
separation between the electrode and the solution in which it is immersed due to the 
following reaction: '5 
3+ 	- 	____ 	2+ Fe (aq) + e (metal) 	Fe (aq) 	(2) 
The more positive the potential, the stronger the tendency for Fe 3+  to gain an electron 
to give Fe2 . Conversely, the more negative the potential, the easier it is for Fe 2 to 
lose an electron to give Fe 3 '. There is no absolute value against which such a couple 
can be measured. All electrode potentials in chemistry are quoted against a standard 
hydrogen electrode (SHE), or normal hydrogen electrode (NilE). Practically, 
3 
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potentials are often measured and quoted with respect to reference electrodes other 
than the NHE. Such reference electrodes must have a constant composition and its 
potential must be fixed with minimum temperature effect. In electrochemical 
experiments today, the most common reference electrodes are the saturated calomel 
electrode (SCE), whose half-wave potential is 0.242 V versus the NHE, and the 
silver/silver chloride whose half-wave potential is 0.197 V versus the NHE at 298 K. 
Therefore, controlling or changing the potential of a cell with respect to the 
reference electrode is equivalent to controlling or changing the potential of the 
working electrode and hence to controlling or changing the energy of the electrons at 
the working electrode which is indicated by the following relation between the 
potential and the change in free energy of the system, 
AG=–nFE 	(3) 
where n is the number of electrons, F is Faraday's constant and E is the potential. By 
externally driving the electrode to more negative potentials the energy of the electrons 
is raised. They will eventually reach a level high enough to occupy vacant states on 
species in the electrolyte. In this case, a flow of electrons from the electrode to the 
solution, a reduction current, occurs. Similarly, the energy of the electrons can be 
lowered by imposing a more positive potential, and at some point electrons in the 
solutes in the electrolyte will find a more favourable energy on the electrode and will 
transfer there. Their flow, from solution to electrode, is an oxidation current. 
Obviously, the states on the species in the solution involved in gaining or losing 
electrons are the lowest unoccupied and highest occupied molecular orbitals (LUMO 
and HOMO respectively), often regarded as the frontier orbitals. Scheme 1-1 
demonstrates schematically the relationship between potentials and the energy of 
electrons. 16  The critical potentials at which the process of the electron transfer occur 
are related to the standard potentials, E °, at standard conditions and to E at non-
standard conditions, which are specified by the Nernst equation (4). For example, the 
potential for the redox couple, Fe 3 fFe2 , is expressed as follows, 
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Scheme 1-1 Representation of (a) reduction and (b) oxidation process of a species A 
in solution. The molecular orbitals (MO) of species A shown are the highest occupied 
MO (HOMO) and the lowest vacant MO (LUMO). As shown, these correspond in an 
approximate way to the E °'s of the A/K and At/A couples, respectively. 16 
Strictly speaking, equation (4) applies only when the concentration terms are 
expressed as activities. In practice, molar concentration is usually used for 
convenience and the standard potential E ° is then taken as E° ' which includes the 
contribution of ionic strength in the solution. In the convention of electrochemistry, 
half-wave potentials, E 112, are quoted more often than E ° or E. Ideally, E 112 can be 
regarded to be equivalent to E ° . 
If the simple description in Scheme 1-1 is valid, then a correlation should exist 
between electrode potentials and either the energy of the HOMO, for the process of 
removing electrons from the HOMO, or the energy of the LUMO for the equivalent 
5 
CHAPTER 1 INTRODUCTION 
process of adding electrons to the LUMO. The earliest work done in this area was on 
organic compounds. Hoijtink formed an excellent linear correlation for a series of 
aromatic hydrocarbons between the half-wave reduction potential and the calculated 
energies of the LUMOs.' 7 For oxidation processes, similar correlations were found 
between the oxidation potentials and the calculated energies of the HOMOs for 
aromatic hydrocarbons,"' and methoxybenzenes.' 9 
It is not surprising that similar correlations have been found for transition metal 
complexes as well. In the studies of binary isocyanide-carbonyl manganese(I) 
complexes, [Mn(CO) 6 (CNCH3)]', Treichel et a! 20  noted that with subsequent 
substitution of carbon monoxide by methyl isocyanide, the half-wave potential 
increases by about 0.4 V for each substitution. Thus there must be a linear relationship 
between the number of isocyanide ligands and E 112 . A similar observation was also 
made for the analogous Cr(0) complexes [Cr(CO) 6 (CNCH3)].2 ' Obviously, the 
additive change in potentials for the series of complexes reflects the additive ligand 
effects, or the net inductive cs-donor and it-acceptor abilities of the ligands, 22 on the 
HOMO energy of the complexes. This was first rationalised in 1975 when Sarapu and 
Fenske reported a linear correlation between the oxidation half-wave potential of the 
series of methylisocyanide substituted manganese carbonyl cations, 
[Mn(CO) 5 (CNCH3)1, and the HOMO energy as calculated by the nonempirical 
Fenske-Hall MO method. 23 
Electrode potentials, then, are a measure of the energy of the frontier orbitals of a 
complex for a redox active system. However, the energy of a metal-to-ligand charge 
transfer (MLCT) band, if it exists, is also a reflection of the energy of the frontier 
orbitals of the complex. Indeed, linear correlations between E 112 and MLCT energies 
have been observed for several series of complexes, e.g., iron cyanide complexes, 24 
and the series of complexes [M(CO) 6 (CNR)} (M = Cr and Mn, R = p-MeC 6H4 and 
p-C1C6H4). 2 ' It was these initial investigations that stimulated the attempt to develop 
various models to correlate electrochemical data of transition metal complexes in 
terms of how the ligand affects the metal centre in order to predict ligand effects on 
electrochemical activity. 
The earliest model was developed by Pickett and Pletcher based on the 
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electrochemical data of substituted metal carbonyls of the type [M(CO) 6 L]. 25 The 
significance of this model has been far more than the estimation of half-wave 
potentials for hexacoordinate metal carbonyl compounds or the use of electrochemical 
measurements as an aid to structure determination as stated in the original paper. In 
this model, a key parameter was proposed, namely, the ligand inductive parameter, 
(dE°/dn)L. In development of this model, Pickett and Pletcher made the following 
assumptions: 
for the redox couple shown in equation (5) 
[M(CO)6L]z+ - e 	[M(CO)6 T 1(Z+1)+ (5) -nI-'nJ 
the energies of the molecular orbitals are unperturbed by the removal of an electron 
from the HOMO; 
the change in free energy of solvation during the oxidation of [M(CO)6L]z+  to 
[M(CO)6 4]' is approximately constant throughout the series; 
the ligand inductive parameter is independent of (a) the transition metal centre; 
(b) the net charge on the species and (c) the degree of substitution, n. 
Thus, the following equation was proposed: 
E°A +n[E = 	-I +Qz (6) 
dn L  
Table 1-1 Ligand inductive parameters (dE °/dn)L for a series of ligands 25 
L (dE°/dn)L 	L (dE°/dn)L L (dE°/dn)L 
Br- 0.42 	P(C6H5)3 -0.36 MeNC -0.44 
CO 0.00 p-C1C6H4-NC -0.37 MeCN -0.54 
P(006H5 )3 -0.19 	p-MeC6H4-NC -0.42 NH3 -0.80 
where A is a constant which depends upon the solvent and reference electrode 
employed, n is the degree of substitution of CO by the ligand L and z the net charge 
on the complex. The values of (dE °/dn)L for a limited number of ligands are listed in 
Table 1-1. The value of Q was estimated by considering the data for an isoelectronic 
and isostructural series such as [V(CO)61 '-, [Cr(CO) 6]
0  and [Mn(CO)6] 1+  . The 
remarkably constant increase of Q which varied between 1.40 and 1.50 for each 
7 
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additional positive charge led the authors to assign a value of 1.48 to Q. Using 
equation (6), the authors estimated ligand inductive parameters for nine ligands. 
1.1.3 Bursten's Model of Ligand Additivity 
For a series of binary ligand complexes, [MAB]z, where M is a metal, n = 0 to 6, 
and A and B are different ligands, two isomers for n = 2, 3 and 4 are possible, that is, 
1rans_[MA 4B 2]z and cis_[MA 4B2]z, mer_[MA 3B 3 ]z and fac_[MA313 3 ]z, trans_[MA213 4}z 
and cis[M.A2134]z.  The model proposed by Pickett and Pletcher predicts that the half-
wave potential is isomer independent. However, experimental evidence is not in 
general agreement with this prediction. Substantial differences do exist between 
isomeric pairs. For example, the half-wave potentials for cis-[Mn(CO) 2(CNMe)4]211 
and trans-[Mn(CO)2(CNMe) 4]2 ' are 1.44 V and 1.28 V (vs. SCE) respectively, and 
1.90 V and 1.73 V (vs. SCE) for fac-[Mn(CO) 3 (CNMe)3 ]2 " and mer-
[Mn(CO) 3 (CNMe)3 ] 2 ' respectively. 26 Such differences were also found between the 
trans- and cis-[M(C0)2(dppe)2]' 0  couples (M = Mn, Cr, Mo and W; dppe = 
(C6H5)2PCH2CH2P(C6H5)2). 27 
The observation that there was a difference in potential for pairs of isomers made 
inorganic chemists think about the interaction between the metal centre and the 
ligands at the level of molecular orbitals. Indeed, even prior to the development of the 
Pickett and Pletcher model, Winmier et a! 27  proposed a qualitative bonding scheme 
that incorporated ligand stereochemistry to explain such differences in potentials 
between trans- and cis-[M(CO)2(dppe)2] "°. Assuming that (a) the relative splitting of 
the t2g  levels can best be considered by representing the species as having D4h 
symmetry of the donor atoms; (b) the ligand field strength of the bonding phosphine 
c-orbitals is greater than that of the c orbitals of carbon monoxide; and (c) the ir'-. 
orbitals of carbon monoxide are better acceptors for filled metal t2g  orbitals than those 
of phosphine, Wimmer et al proposed the qualitative bonding scheme shown in 
Scheme 1-2. According to this scheme, they suggested that in the cis isomer the 
highest occupied metal-based orbitals, the HOMOs of the complex, would interact 
with one carbonyl ligand, and hence be stabilised, while the corresponding orbital in 
the trans isomer would not involve any it interaction with carbonyl ligands. 
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Assumption (c) states that carbonyl is a better it-acceptor than phosphine ligand. 
Therefore for metals in low oxidation states interaction of a metal based orbital with a 
carbonyl ligand will increase the stability of that orbital compared to a metal-based 
orbital experiencing no such interaction. Hence the cis isomer was expected to be 
more difficult to oxidise than the trans isomer, which was observed experimentally. 
Similarly, Treichel, Mueh and Bursten26 applied the bonding scheme in Scheme 1-
2 quantitatively to explain the difference in oxidation potentials for the isomeric pairs 
obtained from the complexes, [Mn(CO)n(CNCH3)6n]2+11+ (n = 2, 3). Further, they 
proposed that the effects of the ligands upon the energy of the principally metal-based 
3d molecular orbitals obeyed a simple additive relationship: 
c=a + bn + cx 	(7) 
0 






C 	 P 
0 
dXY 	 dyz  
c 
trans 	 cis 
Scheme 1-2 Metal-based d-orbital splitting scheme for trans- and cis-
[M(CO)2(dppe)2] complexes. 27 
where n is the number of carbonyl ligands in the complexes, x 1 is the number of the 
carbonyl ligands that interact with a given d orbital, and a, b and c are empirically 
determined parameters. 28 
In 1982, Bursten generalised the above ligand additivity relationship for low spin 
octahedral d6 systems, [MLL'6..], where L, e.g., CO, is a better it acceptor than L', 
e.g., CNR. 29 The differences in the orbital interactions between the members of each 
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pair of isomers are given in Scheme 1-3. 
L X  
XZ 
L I 	 _YZ 2 
L 
cis 
L 	 xy 	0 





L' 	L 	 XY 





- - - - - - - xy 	1 
L' 	L' 	 z 




Scheme 1-3 Qualitative diagram showing the energy levels of the dit orbitals for 
isomers of [M1LL' 6 ], where L is a better 7t acceptor than U." 29 t x = number of 
ligand L contributing to the HOMO. 
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In Bursten's system, the HOMOs are considered to be primarily based on the three 
dir orbitals (d,, d, and d, corresponding to the t2g  orbitals under strict Oh symmetry) 
of the metal atom. It was assumed that the dir-orbitals of the metal atom interact with 
the ligands predominantly via it * antibonding orbitals based on the ligands and that 
each ligand has an orthogonal pair of ir*orbitals. Thus each of the dir orbitals may 
interact with four ligand lt*_orbitals. It was then postulated that the energy of three 
dir orbitals depends only on (a) the number of each type of ligand in the complex, and 
(b) the number of each type of ligand with which the dir-orbital can interact. It was 
also assumed that these dependencies are linear. Therefore, the energy of the HOMO 
was postulated as in equation (8), 
c 1 	 (8) 
where a is a characteristic constant of the metal atom in its particular oxidation 
state, b and b are constants describing the gross energetic effect upon the metal 
atom of binding to L and L', respectively, and c and C L ' are constants describing 
the energetic effect upon the dir metal orbital of interacting with L and L', 
respectively. 
The simple linear relationship forms the basis of Bursten's model and has the 
following implications for the [MLL'6] system (a) the gross ligand effects upon the 
metal atom must be isomer independent, i.e., the average orbital energy of the three 
dir-based MO's depends only on n; (b) the gross effect upon the metal atom of 
replacing L' with L must be independent of n; (c) the d, ),, d, and d orbitals do not 
rehybridize upon replacement of L' with L, even though they may be allowed to do so 
by symmetry; (d) the effect of allowing one of the d orbitals to interact with L instead 
of L' is independent of n; and (e) the orbital energy of any of the primarily dir 
molecular orbitals depends only on the number of each type of ligand available for 
bonding and is independent of the stereochemistry of the ligands about the orbital. 
As discussed earlier, a linear correlation between the calculated HOMO energy and 
the half-wave potential, E 112, has been found in both organic and inorganic systems, 
i.e., the E 112 is proportional to the HOMO energy: 
E 112 = k1 (-C HOMO  ) + k 2 , 	 k1>0 	(9) 
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where both k 1 and k2 are constants. Based on equations (8) and (9), the E 112 values for 
the series of complexes [MLL' 6 ] should obey following relationship: 
	
E = A° +nB +(6—n)B +xHoMoC +(4 — x HOMQ )C 	(10) 1/2 	M 
where A = —k 1 a + k2, BL  = — k 1 b, C = —k 1 c, B 	—k 1  b, and 
C = —k 1 c. XHOMO is the number of ligands L that interact with the dit orbital which 
is the HOMO of the complex. Rearranging equation (10) gives the general equation 
(11) 
= A + Bn + CXHOMO (11) 
where A=A+6B+4C, B=B— B and C=C  —C. This is the 
mathematical form of Bursten's model from which the half-wave potentials, E 112, for 
the series of complexes [MLL' 6 ] can be predicted if the three parameters, A, B and 
C, are known. 
Bursten's model was successfully applied to the electrochemical data for a substantial 
range of complexes with low spin d6 electronic configuration, [MLL'6] (M = Mn(I) 
and Cr(0), L = CO and L' = CNR), in different solvents. Later the model was 
extended to apply to d' systems and applied to the transition metal complexes Nb(IV) 
and Ta(IV). 3° The E 112 values predicted by the model for complexes [MLL' 6 ] with 
d' 6 electronic configuration are tabulated in Table 1-2. The equations given in Table 
Table 1-2 Predicted E 1 12 values for the series of complexes, [MILL'6], with d' 6 
electronic configuration, where L is a better it acceptor than L' 29 
d36 d' d2 
compound n xHoMo 	E 112 XHOMO xHOMO E112 
ML 6 0 0 A 0 A 0 A 
MLL' 5 1 0 A+B 1 A+B+C 1 A+B+C 
trans-ML2L'4 2 0 A+2B 2 A+2B+2C 2 A+2B+2C 
cis-ML 2Lt 4 2 1 A+2B+C 2 A+2B+C 1 A+3B+C 
mer-ML 3L' 3 3 1 A+3B+C 3 A+3B+3C 2 A+3B+2C 
fac-ML 3L'3 3 2 A+3B+2C 2 A+3B+2C 2 A+3B+2C 
trans-MLJJ2 4 2 A+4B+2C 4 A+4B+4C 2 A+4B+2C 
cis-IVJL1L'2 4 2 A+4B+2C 3 A+4B+3C 3 A+4B+3C 
ML5L' 5 3 A+5B+2C 4 A+5B+4C 3 A+5B+3C 
ML 6 4 A+6B+4C 4 A+6B+6C 4 A+6B+4C 
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1-2 assume that the spin pairing energy is greater than any splitting energy within the 
metal dit orbitals . 293 ' The tabulation indicates that for the complexes [MI]L,,L'6] with 
the d6 electronic configuration, (a) the E 1 12 values are isomeric dependent for n = 2, 3 
but for n = 4, the isomers should exhibit the same E 112 values; (b) the ligand additivity 
is not linear although parts of the series will be. For n = 0, 1 and 2 (trans), the E 112 
against n will be linear with a gradient of B while for n = 2 (trans), 3 (mer), 4, 5 and 
6, a linear relation is expected with a slope of B + C. However, to date, the difference 
in gradients between the two lines has been hard to observe. The reasons for this are 
that firstly, there are not enough experimental data available to establish such a plot 
and secondly the differences in potentials due to isomeric effects are often not very 
significant. Therefore, it is not surprising that a simple linear relationship for ligand 
additivity for n = 0 to 6 is usually observed, e.g., for the complexes [RuX n(NCR)n]Z 
(X = CF and Bf; R = Me and Ph) , 32  [OsCl6n(py)n]z . 31 
Bursten's model has successfully explained isomeric effects on the half-wave 
potential for several transition metal complexes. However, the challenges the model 
has faced are obvious. Firstly, to predict the half-wave potentials for complexes in a 
series, some E 1 12 values must be known to estimate the three parameters, A, B and C. 
Secondly, it is unknown how the model works when the complex contains more than 
one redox process. Thirdly, and most significantly, if the E 112 values for n = 4, 5 and 6 
in a series of complexes [IVILL} with d 6 electronic configuration are known and it 
is impossible to calculate a set of numeric solutions for the parameters because the 
three linear equations given by the model are not fully independent. 
1.1.4 The Ligand Parameters of Chatt, Leigh and Pickett 
Around the same time as Bursten proposed his ligand-effect model, Chatt and co-
workers proposed a ligand parameter, PL,  which was expected to have a similar 
function to that of the Hammett constant, a p . 33 The Hammett constant or parameter 
UP  derives from the organic molecule p-C6H4(X)R, where the inductive influence of 
the ring substituent X on R is quantified in c,. Thus the Hammett substituent 
constants, ap, serves as a measure of the overall electron attracting or releasing 
property of a given substituent, X. Chatt et al chose the moiety [Cr(CO) 5] as the 
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standard 16-electron square-pyramidal binding site which gives 18-electron octahedral 
complexes [Cr(CO) 5L] with a wide variety of ligands, L. The unique ligand, L, can 
range from essentially it-donor ligands such as Cl - through a-only donors such as if 
to it-acceptor ligands such as CO. The ligand parameter PL was defined according to 
the following equation: 
'L 	1/2 = EOX [Cr(CO) 5 L]— E" [Cr(CO)61 	(12) 
where E[Cr(CO) 5 L] and E[Cr(CO) 6 ] are the half-wave potentials of the1/2 
reversible one-electron oxidation for [Cr(CO) 5L] and [Cr(CO)6], respectively. Half-
wave potentials are proportional to the energy of the HOMOs in redox systems as 
discussed earlier. Thus the ligand parameter PL reflects the change in the energy of the 
HOMO upon the substitution of CO with the ligand L and therefore reflects the net (a 
+ it) properties of the ligand L. Using equation (12) and interpolation where direct 
Table 1-3 Values of ligands parameter PL for various ligands33 
ligand, L 	PL 	ligand, L 	PL 	ligand, L 	PL 
1.46 CNMe -0.43 r -1.15 
NO 1.40 NCMe -0.58 Br -1.17 
CO 0.00 pyridine -0.59 Cl -1.19 
N2 -0.07 NH3 -0.77 if -1.22 
P(OPh)3 -0.18 CF3 COO -0.78 N -1.26 
PPh3 -0.35 NCS -0.88 OH -1.55 
CNPh -0.38 CN -1.00 
NCPh -0.40 NCO -1.16 
measurement was impossible, values of PL have been obtained for a number of ligands 
and are tabulated in Table 1-3. From Table 1-3, it can be seen that the best it-acceptor 
ligands and the best a-, it-donor ligands occupy the extremes of the scale. Thus the 
more positive the values of PL,  the higher the energy of the HOMO, and hence the 
less electron-rich the Cr centre will be in the moiety of [Cr(CO) 5]. Conversely, the 
more negative the values of PL,  then the more electron donating the ligand L will be. 
The influence of the ligand L has been investigated for various binding sites, namely, 
[Mo(NO)(dppe)2] 1+,  [Mo(CO)(dppe) 2], [Mo(N2)(dppe)2], [Mo(NCPh)(dppe)2], 
[Mo(N3)(dppe)21 1 , [FeH(dppe) 2]' and [Re(N2)(dppe)2] 1 . Linear correlations were 
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found between the oxidation half-wave potentials and the ligand parameter PL and can 
be expressed as in equation (13), 
EOX =E
S -I-I3PL 	(13) 1/2  
where E. is a measure of the electron-richness of the site and 13 of its polarisability, 
i.e., it is a measure of the efficiency of the transmission of the electronic influence 
from L to the HOMO. The values of E. and 0 calculated for the binding sites 
[MY(dppe)2]z are listed in Table 1-4. Recently, PL parameters for some bidentate 
ligands were evaluated based on the oxidation potential of the redox couple 
[Ru(btpy) 3 ]3+/2+  and the ligand parameter, Pbipy = - 1.14 V.
34  
Table 1-4 Values of E. and 0 for the binding sites [ML(dppe)2]zt 
[MY(dppe)2]z ES/V 13 PL of ligand L/V 
[Mo(NO)(dppe) 2]' 0.91 0.51 1.30 
[Mo(CO)(dppe)2] -0.11 0.72 0.00 
[Mo(N2)(dppe)2] -0.13 0.84 -0.07 
[Mo(NCPh)(dppe) 2] -0.40 0.82 -0.40 
[Mo(N3)(dppe)2] 1 -1.00 1.0 -1.26 
[FeH(dppe)2]' 1.04 1.0 -1.22 
[Re(N2)(dppe)2] 1 1.20 0.74 -0.07 
t Cited from reference 33.1 Quoted vs. SCE in 0.2 M [N'Bu4] [BF4]/THF. 
1.1.5 The Ligand Parameters of Lever 
Although the ligand parameter model of Chatt has a large advantage compared to 
the model proposed by Bursten, there has not been widespread use of this approach. 
One reason for this is that the values of PL have been evaluated for only a few ligands. 
The other reason for its lack of use may be that the parameters are derived from 
carbonyl complexes and hence are only of value to organometallic compounds, rather 
than to coordination compounds. Indeed, when the parameters are applied to 
coordination compounds of the type [Ru(NH3)5L]z,  the correlation between oxidation 
potential and the PL parameters deviates severely from linearity. 33 
However, the basis of Chatt's model is the concept that electrochemical potentials 
are additive with respect to ligand substitution. This is also the basis that Lever used 
to propose a new set of ligand parameters, EL, by introducing an electrochemical 
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standard based upon the change in the Ru(II)/Ru(III) couple for a series of complexes 
[Ru(bipy)L62 ]z (n = 0 to 3) in organic solvents (usually acetonitrile). 35 Lever 
suggested that a standard parameter set should (a) be based upon a single standard 
redox process of a metal centre; (b) be available for a very wide range of compounds 
by variation of the ligand; (c) be electrochemically reversible or quasi-reversible; (d) 
be relatively solvent and supporting electrolyte independent; (e) have potentials that 
are largely independent of the net charge on the molecule in organic solvents; and (f) 
be largely independent of isomeric form. 
The first complex considered was [Ru(bipy) 3 ]2 , whose oxidation potential for the 
Ru(III)/Ru(II) couple is 1.53 V (vs. NEE). Lever regarded that the six Ru—N bonds 
were all identical, that is, the six bonds individually make the same contribution to the 
half-wave potential. Therefore the ligand parameter EL for half of the bipy ligand was 
defined to be 1.53/6 = 0.255 V. Thus, for substituted complexes [Ru(bipy)nL6]z  (n = 
0 to 3) with half-wave potential E0b,  the value of the parameter EL for the ligand L 
could be derived from the following equation: 
	
E Qb, (RUM /Ru") = 2n x 0.255 + (6 – 2n)E L  (L) 	(14) 
and hence the values of EL for over 200 ligands were defined. 
For the general complex {RuLl1L2L3]z,  where L', 12 and 12 are different 
ligands, Lever used the defined EL values and the calculated oxidation potential Ecaic 
for the redox couple RuLRu" is then given by equation (15), 
Ecaic = nIELI + n2EL2  + n3EL3 	(iSa) 
or 
Ecaic = 	njEL 	(lSb) 
1=0 
Obviously, a linear correlation between the calculated potentials Ecaic and the observed 
potentials E0b for the redox couple RufRu' is expected, ideally with a gradient of 1 
and passing through the origin. For 103 mixed ligand ruthenium complexes, such a 
linear correlation indeed holds and the equation of least squares fit is as follows, 35 
E ObS =0.97E L +0.04, R=0.97 	(16) 
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where R is the correlation coefficient. The slope is close to 1 and the nearly zero 
intercept plus the rather satisfactory linearity firmly supports the validity of the model. 
The ligand parameters EL can also be used for other metal ions in a vast range of 
complexes rather than restricted to ruthenium and closely related metal ions such as 
osmium. A plot of observed potentials E0b against calculated potentials E C.'Ic for a 
given redox couple M"/M"' for the general species [MJ1L2L3 ]Z  exhibits a linear 
correlation as long as the complexes have the same stereochemistry (six coordinate 
octahedral) and spin state. For metal centres other than ruthenium the slope will not 
be equal to unity and the intercept not equal to zero. Least squares analysis yields the 
following general equation: 
E ObS =S M(EL )+I M 	(17) 
where SM is slope and IM is intercept. The value of the slope SM is usually found to be 
around 1. When the slope is larger than one, the ligands have stabilised the lower 
oxidation state of the metal ion relative to Ru 11 . Conversely, if the slope is less than 
one, the stabilisation of the higher oxidation state is favoured compared to Ru m . 
Therefore, the value of the slope reflects the sensitivity of the metal core toward the 
ligands. The value of the intercept IM  is determined by a number of contributions, 
which maybe expressed as in equation (18), 
I M =a+nb+c 	(18) 
where a (>0) is defined as the M'/M"' ionisation energy in the gas phase, the variable 
b (< 0) is an electronic effect between the metal and the ligands, and the variable c 
depends on the reference electrode and solvent. 
In the original development of the model, the ligand parameter was assumed to be 
independent of isomeric form. However, in most cases, this is not observed 
experimentally. Therefore, Lever used Bursten's model to correct for isomeric effects 
by adding a correction term to equation (17), which results in equation (19), 
E Ob,=SM(EL)+IM+mx 	(19) 
where m is 4, 0 and 1 respectively, for hexacarbonyl and trans- and cis-dicarbonyl 
species, and x is a variable. Note that equation (19), therefore, only applies to 
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carbonyl containing compounds. A general equation suitable for all coordination 
compounds has not been established. 
1.1.6 Correlations among Ligand Additivity Models 
It is not surprising that the values (see Table 1-1) of the ligand inductive parameters, 
(dE°/dn)L, are rather close to those (see Table 1-3) of the ligand parameters, PL,  since 
similar standard transition metal carbonyl complexes were used to determine these 
parameters. The only difference is that the values of (dE °/dn)L were measured against 
the oxidation potential of the redox couple of [M(CO) 6 L] and the calculations of 
PL were determined by the difference in potentials of the complexes, [Cr(CO) 6] and 
[Cr(CO) 5L]. One obvious exception from the comparison of Tables 1-1 and 1-3 is the 
values of the bromide ligand whose value is 0.42 in Table 1-1 and -1.17 in Table 1-3. 
The positive values in Table 1-1 were explained in terms of the ligand being a poor 
donor compared to NH3 whose value in Table 1-1 is 0.80.25  In fact, in terms of 
electron donor capability, Br is a much better donor than NH 3 because the former is 
both a c- and it-donor whereas the latter is a cs-only donor ligand. We believe that the 
value of 0.42 given in Table 1-1 is in error. Taking the relevant complexes and their 
potentials, [Cr(CO) 6] ( 1.12 V), [Cr(CO) 5Br] 1 (0.07 V), [Mn(CO) 6]' (2.62 V) and 
[Mn(CO)5Br] (1.55 V), 25 we have found that the average value for the substitution of 
one carbonyl by one bromide is -1.06 V, which is comparable to -1.17 V the value 






The correspondence between Chatt's ligand inductive parameters PL and Bursten 
model was established by Datta. 36 Datta believed that the half-wave potential for an 
oxidation process of some disubstituted complexes should be proportional to the sum 
of the ligand parameters PL. Datta studied the existing electrochemical data for the 
Ru/Ru11 couple for a series of cis [Ru(bipy)2LLh]z  and cis [Ru(papy)2LLh]z  (bipy = 
2, 2'-bipyridyl, papy = 2-phenylazopyridine) complexes and found that linear 
correlations indeed exist between the half-wave potential and the sum of the ligand 
18 
CHAPTER 1 INTRODUCTION 
parameters, (L  + PL,)• A similar linear correlation was demonstrated for the 
complexes [Mo(dppe)2LL]z  (dppe = PPh2CH2CH2Ph2P). 
Upon substitution of one carbonyl ligand from [Cr(CO) o] by a poorer it-acceptor 
ligand L giving [Cr(CO)5L]z,  the change in potential depends on how the ability of the 
total electron donating/accepting capability of the ligand set alters after the 
replacement. Thus Datta postulated that the ligand parameters PL can be defined by 
equation (21), 
D _BL 	COcL CCO 	(21) 'L 	Cr Cr 	Cr 	Cr 
where B L  and C are defined in equation (10). Therefore, for the disubstituted 
complex cis[Cr(CO)4LLh]z,  where L and L' are poorer it-acceptor ligand than CO, the 
oxidation potential for the Cr' ° couple can be written as equation (22) according to 
equations (21) and (10). 
	
E1/2 A 0 +6B ° +4C+(P+P,) 	(22) 1/2 - 	Cr 	 L 	L 
This equation demonstrates that the potentials E112 for a series of disubstituted 
complexes cis- [Cr(CO)4LL'] t' vary linearly with the sum of the ligand parameters 
(L + EL)  with a gradient of unity. Least-squares analyses for the data of several 
other complexes give good agreement with equation (22). For d 6 metal centres other 
than Cr, the transferability of PL values to carbonyl complexes does not follow 
immediately from Bursten's model. In these cases, the sum of the ligand parameters is 
replaced by (ltL + lr L,)which are defined in the same manner as PL and are 
proportional to (L  + L).  Analyses of literature data have shown general agreement 
for this proposal .16 
A linear correlation between the ligand parameters PL and Lever's ligand parameters 
EL has also been derived 
' 35 and is expressed in equation (23), 
PL  = 1.17EL - 0.86, R = 0.98 	(23) 
where R is the correlation coefficient. If the validity of the additivity of parameters PL 
is universal, (equation (13)), then the half-wave potentials for mixed ligand complexes 
can be determined by equation (24). 
E ObS =ES +3PL 	(24) 
Considering equations (23) and (24), E0b can be rewritten as, 
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E 0  =E —13O.86+1.1713EL 	(25) 
Since equation (13) was deduced from the data measured versus SCE, then to convert 
it to versus NilE, equation (25) has the following form: 
	
E 01,E., —6xO.86t3+1.1713E L +6x0.24 	(26) 
where Z E, = 6E, and I EL = 6E, for six coordinated octahedral complexes. 
Comparing equation (26) with equation (17), we find that 
S. =1.1713, 'm =6E 5 -6x0.8613+6x0.24 	(27) 
Finally, we will compare the ligand additivity models of Chatt and Lever directly 
using the series of complexes [M o(dppe)2LL]z .  In Table 1-5, both the observed half-
wave potentials, E0b, and calculated total ligand additivity parameters (see equation 
(15b)), EEL, for the couple M&'0 in a series complexes of [M o(dppe)2LLI]z are 
Table 1-5 The values of E0b,  and EL for complexes [Mo(C0)(dppe)2L}zt 
[Mo(CO)(dppe)2L]z E0b (vs. NHE) 	 EL (vs. NHE) 
L=CO 	 0.28 	 3.42 
NCPh -0.18 2.84 
NCMe 	 -0.17 	 2.80 
CN -0.44 2.45 
SCif 	 -0.49 	 2.37 
N -0.67 2.13 
The data are quoted from reference 35. 
listed. A plot of E0b against —EL is shown in Figure 1-1 which is calculated as having 
a slope of 0.73 and intercept of -2.23 V. For the series of complexes, the parameters 
E and 13 are -0.11 and 0.72 V respectively. 33 The calculated values of Sm and Tm  from 
equation (27) for these complexes are 0.84 and -2.94 V, respectively which matches 
the values, 0.72 and -2.23 V, of least-squares regression from Lever's model (slope 
and intercept). The data for the deduction of E, and 13 were collected from THF rather 
than from acetonitrile which is the solvent generally used in the establishment of 
Lever's model. This could make some contribution to the differences between the two 
sets of values of Sm  and  'm.  The other cause might be that the experimental potentials 
were measured versus the SCE whereas Lever's ligand parameters are evaluated 
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EL (V. vs. NHE) 
Figure 1-1 Plot of observed half-wave potentials E0b against the sum of the ligand 
parameter EL for complexes [Mo(CO)(dppe)2L]z.35 
Thus, the preceding discussion confirms that the establishment of all the different 
ligand additivity models have principally used a common base, that the ligand effects 
on a metal core are in some sense or other additive. Therefore, it is not surprising that 
these models more or less correlate to one another. 
1.2 Charge Transfer Spectra of Transition Metal Complexes 
The five d orbitals of transition metal atoms play a critical role in the formation of 
transition metal complexes. The five orbitals (Scheme 1-4) all have the same energy in 
	
the absence of a ligand field, that is, they are degenerate. Electrons in the 	2 and 
d orbitals have the greatest electron density along the x-, y- and z-axes whereas 
electrons in the d,,, d, and dyz  orbitals have the greatest electron density between the 
axes. In octahedral complexes, the six ligands are assigned to lie along the x-, y- and 
z-axes and the five d-orbitals split into two groups (sets), d 22 , d2  and d,, d,, d, 
according to their orientations. Crystal field theory indicates that the orbitals in both 
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XY $+ 
d, 	d22 	 dyz 	 d, 	 d,, 
Scheme 1-4 The five d orbitals of transition metal atoms. 
groups are destabilised but the orbitals in the first group lie at higher energy than the 
orbitals in the second group because electron in orbitals in the first group experience a 
greater repulsion between the d-electrons and the lone pair of the electrons from the 
ligand donor atom, than do electrons in orbitals from the second group of d orbitals. 
In an octahedral complex of Oh  symmetry, the orbitals d, 2 , d2 are degenerate and 
are known as the eg set of orbitals whereas the degenerate d,,, d, and d yz orbitals are 
named the t2g set of orbitals. The splitting pattern of the d orbitals in an octahedral 
complex is demonstrated in Scheme 1-5. The energy separation between the two sets 




/ 	2g: d,,, d, d, 
The d orbitals of the 
Five d orbitals 	metal in an octahedral 
of a free metal crystal field of Oh 
ion. 	 symmetry. 
Scheme 1-5 The splitting of the metal-based d orbitals upon the approach of six 
equivalent ligands. 
of orbitals is called the crystal-field splitting energy iS,. The parameter A is 
determined, in part, by the ligand strength which is indicated by the position of the 
ligand in the spectrochemical series. 
Most transition metal compounds are coloured. The colour is generally associated 
with the presence of a partially filled d-shell. But Laporte's rules state that d—d or 
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ligand-field transitions are forbidden and hence the colours of transition metal 
compounds exhibiting this type of transition are rather weak. There are countless 
numbers of examples of this type of transition in coordination compounds, e.g., Ti' , 
Mn2 Fe', Fe2 metal ions in water. However, there are many compounds with d ° or 
d 1° metal-configurations and are intensely coloured, e.g., the permanganate ion 
(intense purple, d°), perchromate (orange-red, d °) and chromate (yellow, d °), mercury 
(II) iodide (brick red, d 10), cadmium sulfide (yellow, d 10). Obviously, in these cases, 
the colour arises as a consequence of an electronic transition between a molecular 
orbital lying principally on the d orbitals of the metal core and another molecular 
orbital which is primarily ligand-based. Such electronic transitions are possible for all 
d" configurations. 
For octahedral complexes [ML6]z,  excluding mixed-ligand complexes, there are three 
extreme cases where L is a a-only donor, a it-donor or a it-acceptor ligand. The 
qualitative pictures of the bonding in the three cases, according to ligand field theory, 
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Scheme 1-6 Qualitative description of the frontier molecular orbitals in an octahedral 
complex [ML]z,  L is a a-only donor. 37 
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Scheme 1-7 Qualitative description of the frontier molecular orbitals in an octahedral 
complex [ML6]z,  L is a it-donor. 37 
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Scheme 1-8 Qualitative description of the frontier molecular orbitals in an octahedral 
complex [1V1L6]z,  L is a It-acceptor. 37 
Using Schemes 1-6, -7 and -8, possible low energy electronic transitions can be 
explained. These transitions can be classified into three main groups. When the ligand 
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L is a a-only donor, only d—d transitions may be observed at low energy, i.e., eg(G*) 
t2g. The transitions arising from a a' - a excitation will fall beyond the UV/Vis 
region. If the ligand, L, acts as a it-acceptor ligand, e.g., pyridine, ligand based intra-
ligand transitions may be observable in the UV/Vis region, e.g., ic—it. The last type 
of transitions are those occurring between the metal-based molecular orbitals and the 
ligand based molecular orbitals. These transitions involve electron transfer from one 
atom to another and hence are called charge transfer transitions.t  As shown in 
Schemel-7, when L is acting as a it-donor ligand, e.g., halide, the probable low 
energy charge transfer is expected from ligand to metal, i.e., ligand-to-metal charge 
transfer, LMCT. Conversely, metal-to-ligand charge transfer (MILCT) is observed 
when L is a it-acceptor ligand as demonstrated in Scheme 1-8. Consequently, 
absorptions arising from this type of transition are charge transfer spectra. This topic 
was well reviewed by Lever. 38 
1.2.1 Intensities of Charge Transfer Transitions 
The intensity of an electronic transition is measured by its molar absorption 
coefficient, F., in units of cm' mot' dm', which is expressed in the Beer-Lambert law 
as in equation (28), 
A = cbC 	(28) 
where A is absorbance, b is the path length of the measured solution in centimetres, 
i.e., the path length of an optical cell, and C is the concentration of the solution in 
molality. While it is commonly known that the molar absorption coefficient is 
determined by both the transition probability and the molecular area illuminated by the 
light beam, the theoretical definition of the molar absorption coefficient is difficult. 
Usually, the oscillator strength, f, of a transition is adopted to discuss the factors 
which influence the molar absorption coefficient. The oscillator strength is 
proportional to the area of the absorption band. If the absorption band envelope is 
from v 1 to v2 then :37 
T The other main type of charge transfer transition is the intervalence CT transition occurring 
between metal ions. The metals are not necessarily the same. The most classic example is to be found 
in Prussian blue, in which the deep blue colour arises from the electronic transition between the iron 
(II) and iron (III) metal centres. 
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f = 0. 102(mc21N2z2)J 2 c dv 	(29) 
where e and in are the charge and mass of an electron, c is the velocity of light in 
vacuo and N is Avogadro's number. Substituting relevant values into equation (29) 
and integrating it, we obtain the simplified form of the equation (29) as shown in 
equation (30), 
f & 4.6 x 10 96ma.,4V 	(30) 
where zi v is the width of the absorption band at &m /2. 
The magnitude of f depends on the extent to which the absorption is allowed or 
forbidden, and is related to the dipole strength, D, as expressed in equation (3 
f = (8i?mc13h)GvD = 1.096 x 1011GvD (31) 
where h is Planck's constant, v is the wavenumber of the transition, and G is simply a 
number referring to the degeneracies of the states concerned. Equation (3 1) indicates 
that for a given transition, the dipole strength is the major factor determining the 
oscillator strength. 
During an electronic transition, the greater the change in dipole moment, the 
stronger the transition will be. For those intra-molecule (atom) transitions, e.g., a 
d—d transition in a metal atom or a itK - it in a ligand, the magnitude of the dipole 
moment change during the transition depends mainly on whether the transition is 
electronically or spin allowed. However, for charge transfer transitions, even if the 
transition is both electronically and spin allowed, it does not mean that the transition is 
necessarily strong. The charge transfer transitions occur between molecular orbitals 
which are based on different atoms or molecules. In coordination compounds, these 
orbitals may be mainly based on the transition metal centre and the coordinated 
ligands. Therefore, electronic overlap between the two orbitals is very critical to the 
intensity of the transition, which, in turn, determines the transition probabilities. If the 
overlap is poor, then the charge transfer transition may be rather weak. 
In transition metal compounds, the Laporte forbidden d---d transition can be 
observed due to the relaxation of the selection rules as a consequence of vibronic 
coupling or of a lack of an inversion centre in the molecule. 37 The transition intensity 
is very weak for such transitions usually varying between 0.01 and several hundreds 
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cm' mol' dm3 . For electronic and spin allowed intra-ligand it +— it and charge 
transfer transitions, the molar absorption coefficients vary between 10 3 and 106  cm' 
moF' dm3 . It is noteworthy that d—d transition in transition metal complexes can be 
enhanced by 'intensity stealing' from charge transfer absorption or intra-ligand 
transitions when the crystal field transition is close in energy to these transitions. The 
correlation of transition intensity with the various types of electronic transitions are 
summarised in Table 1-6. Thus measurement of the molar absorption coefficient of an 
absorption band can help in the assignment of the band to a particular electronic 
transition. 
Table 1-6 Molar absorption coefficient, s, for various types of complex 37 
F_ (cm' mol' dm') 	type of transition type of complext 
0.01 - 1 	Spin forbidden Many octahedral and tetrahedral complexes of 
Laporte forbidden d5 ions, e.g., [Mn(OH2)6]2 
1 - 10 	Spin forbidden Tetrahedral complexes of d 5 ions with intensity 
Laporte forbidden stealing, e.g., [MnBr4]2 . 
Spin forbidden bands of transition metal ions 
in general. 
Spin allowed Ionic 	six 	coordinate 	molecules, 	e.g., 
Laporte forbidden [Ni(0H2)]2t 
10 - 102 	Spin forbidden Certain 	of the 	more 	covalent 	tetrahedral 
Laporte forbidden complexes of d' ions, e.g., [FeBr4]' -. 
Spin allowed Six coordinate molecule with intensity stealing 
Laporte forbidden — complexes with organic ligands. 
Some square complexes, e.g., [PdC14]2 . 
102 
- 103 	Spin allowed Many tetrahedral complexes, e.g., 	[NiC14]2 . 
Laporte forbidden Certain six coordinate molecules with very low 
symmetry, e.g., [Co(2-picoline) 2(NO3)2]. 
Many 	square 	complexes, 	particularly 	with 
organic ligands. 
Spin allowed Some charge transfer bands in molecules with 
Laporte allowed unsaturated ligands (MLCT). 
102 
- 	 Spin allowed Certain six coordinate complexes with ligands 
Laporte forbidden such as acetylacetone. 
iø - 106 	Spin allowed Many charge transfer absorptions. 
Laporte allowed Electronically allowed transitions in aromatic 
molecules. 
t The absorption bands concerned are assumed to be essentially d—d crystal field transitions, in 
nature, unless otherwise stated. 
1.2.2 Energies of Charge Transfer Transitions 
The charge transfer spectra discussed in this work are restricted to the charge 
transfer transitions occurring with energies lying in the UV/Vis region, i.e., 12,500- 
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50,000 cm' The energy of the charge transfer transition is mainly determined by the 
energy separation of the two molecular orbitals involved in the charge transfer 
process. For a ligand-to-metal charge transfer, in a given complex [IVIL6]z,  to be 
observed at low energy then the metal atom or ion must have a strong electron 
affinity, that is, it must be readily reduced and therefore have relatively low lying 
empty or partly filled d-orbitals. Similarly, the ligand L must be readily oxidisable, that 
is, it must be electron rich. For metal-to-ligand charge transfer transitions to occur at 
low energy, then either the metal atom/ion must be easily oxidised, i.e., it must be 
polarisable, or the ligand must be easily reduced. If the energy separation between 
these related molecular orbitals is small, say less than 10,000 cm 1 , then there will 
usually be a total transfer of an electron between these centres, resulting in the 
oxidation of one centre and the reduction of the other. 38 There are a number of such 
examples among inorganic compounds. For example, [FeF 6] 3 , [FeC14]' and [FeBr4]' 
can be prepared but mixing Fe 3' and r leads to a spontaneous redox reaction in 
aqueous media .39  Provided the energy separation between the metal and ligand-based 
orbitals is high enough for the complex to be stable, charge transfer absorptions will 
be detected in the UV/Vis range of the spectrum. 
1). Effect of metal and oxidation state 
For a given it-donor ligand, the energy of LMCT bands decreases steadily with the 
increase of atomic number. For example, for the complexes [MC1 6] 2 (M = Re, Os and 
Ir), the frequencies of the chloride-to-metal charge transfer bands shift from 35000 to 
21000 cm' with the change in metal from Re to Ir. 4° This trend may be due to the 
increase in nuclear charge which increases the electron affinity of the metal core and 
thus results in the dit-based molecular orbitals in the complex lying at low energy. The 
same trend can also be found in four coordinate complexes, e.g., [MX4]2  (M = Fe, Co 
and Ni, X = Cl, Br and 1 -). 38 Using the same argument, the energy of MLCT 
transitions will increase with increasing atomic number because the ligand based 
empty molecular orbitals lie above the metal based orbital when L is a it-acceptor 
ligand. Many examples can be found in Lever's review. 38 
The trend in charge transfer energy is not so straightforward for metals in the same 
group of the periodic table of the elements. From the first row to the third row, the 
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highest occupied metal-based orbitals will increase in energy and thus the energy 
levels of the related molecular orbitals are also expected to increase. Therefore, this 
simple argument leads us to believe that the energy of the LMCT bands will increase 
in energy as the group is descended. Many examples can be found in transition metal 
complexes to comply with this trend, e.g., fluoride-to-metal CT bands in [M0F 6] 
(54000 cm') and [WF6] (57100 cm 1), 38 or chloride-to-metal CT bands in [TcC1 6] 2 
(25800-32180 cm 1 )40 and [ReC16]2 (31020-38170 cm) (see Chapter 3). The 
alteration in oxidation state of the metal centre does not affect this trend, e.g., 
chloride-to-metal CT bands in [RuC1 6]2 (20000-36000 cm) and [OsC1 6]2 (27000-
47000 cm'),38 '40 and the same type of absorption bands in the oxidised analogues 
[RuC16] 1 (18000-14000 cm')and [OsC1 6 ] 1 (25000-20000 cm 1 ). 40 According to the 
same argument used above MLCT transitions should move to lower energies as the 
metal triad is descended. Examples of transition metal complexes which support this 
are the metal-to-carbonyl CT transition in hexacarbonyls, [M(CO) 6] where M = Cr 
(35800 cm 1 ), Mo (34900 cm-1) and W (34700 CM-1).4'  But an exception is also found 
in the metal-to-cyanide CT transitions in the hexacyanides, [M(CN) 6 ] 3 where M = Co 
(49500 cm 1), Rh (52000 cm) and Jr (>52000 CM-1).42 
Changing the oxidation state of the metal affects the energy of charge transfer 
transitions. For a given metal in a complex [MIL6]z,  the higher the oxidation state of 
the metal, the lower the energy level of the metal based molecular orbital involved in 
any charge transfer transition. Consequently, the energies of MILCT transitions will 
steadily increase with increasing oxidation state of the metal centre and conversely, 
the frequencies of LMCT transitions will shift to lower energy with increasing 
oxidation state of the metal centre. These trends have been observed for a number of 
complexes, e.g., the MILCT bands of complexes in the hexapyridine metal complexes 
{Re(py)6]z where z = 2+ (21200 cm) and 1+ (19300, 17170 cm') (see Chapter 4 for 
more details), and the LMCT transitions in the hexachlorometallates, [MC16]z  (M = 
Ru, Re, Os and Jr), 40 in which, for example, the main LMCT transition bands in the 
complex [OsCl6]z  shift from 35200, 37600 cm' through 26700, 29200 cm', to 22000, 
24000 cm' when the oxidation state of the metal is progressively increased from O s I 
to Os. 
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Effect of the ligands 
The more oxidisable the ligands, the higher the occupied ligand-based molecular 
orbital and thus the lower the energy of the ligand-to-metal charge transfer transitions 
for a given metal ion. The effect of the ligand on LMCT transitions is well 
demonstrated by the charge transfer spectra of the halometallate complexes, either 
four or six coordinate metal centres. Therefore, in the complexes [M1X 6}z (M = Os, X 
= Cr, Bf and ), 31 the LMCT transition bands shift progressively down to lower 
energy going from Cl - to IT, as reported by the band maxima at 26700, 29200 cm' for 
Cl-, 20100, 22030 and 23700 cm-1  for Br, and 11550, 12140, 14940, 17800 and 
18210 cm' for IT.t  More examples can be seen in reference 38. 
For complexes with ic-acceptor ligands, the frequency of the MLCT transitions are 
largely determined by the it-accepting strength of the ligand. Carbonyl CO, nitrosyl 
NO and alkyl nitrile RCN belong to the strong it-acceptor ligand group and some 
aromatic ligands, e.g., pyridine, are poor 7t-acceptors. 43 Many carbonyl complexes are 
colourless and alkyl nitrile complexes are of pale, colour, compared to the intensely 
coloured pyridine analogues in line with the relatively high energy of the 7t * orbitals 
of the strong it-accepting ligands compared to the poor it-accepting ligand based 
empty molecular orbitals. The complex [Ru(NCPh) 6]2 is a very pale yellow colour 
whereas the pyridine analogue is yellow with the MLCT transitions at 36230 cm' and 
29330, 36760 cm 1 , respectively. 44 '45 In fact, the MILCT absorptions for carbonyl 
complexes usually lie in the ultra-violet region of the spectrum which means that most 
carbonyl complexes are colourless. 
The difference in energy of MLCT transitions can also be compared for a series of 
mixed ligand complexes, for example, in [ReC1 5L]' (L = acetonitrile, pyridine and 
benzonitrile). In the absence of any LMCT transitions (see Chapter 5), the energies of 
the MLCT absorption bands for the acetonitrile complex is much higher in energy 
than those for both the pyridine and benzonitrile analogues. 
Isomer effect 
t A group of high frequency absorption bands at 35100, 40100 cm' and 26100, 29100, 34900 cm -1 
in the complexes [OsBr6] 2 and [OsI612 , respectively, are observed. However, in the chloride 
analogue, there is no such a group of absorption bands observed, presumably they are beyond the 
ultra-violet region of the spectrum. 
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Charge transfer transitions involve the transition of an electron from one molecular 
orbital to another which are primarily located on different atoms within the complex. 
In an octahedral complex with Oh  symmetry, the three dir orbitals of the t2g set, which 
are the main orbitals involved in either M1LCT or LMCT transitions, are degenerate. 
However, in a mixed-ligand complex, for example, a binary ligand complex, the 
degeneracy for these orbitals is removed and the dir orbitals order as in Scheme 1-3. 
According to this bonding scheme, in the binary complexes, cis- and trans[MLL2]z, 
where L is a better it-acceptor ligand than U, it is expected that the average frequency 
of the IVILCT transition for the cis isomer will be at higher energy than that for the 
equivalent transition in the trans isomer. This is indeed observed experimentally in the 
complexes cis- and trans- [MC1 4(py)2]2 (M = Re (see Chapter 4) and Os 31),  where the 
IVILCT transitions for the cis isomer are at 13550, 19460, 23500 cm-1 (Os) and 
14510, 19360, 23040 cm- ' (Re) whereas for the trans isomer the analogous 
absorption bands are at 13970, 19790 cm' (Os) and 15020, 17100, 18440 cm' (Re). 
Similar isomer effects on the energy of the M1LCT transitions can also be found in 
square planar complexes, e.g., cis- and trans-[Pt(PEt 3)2(Me)X] (X = Cl - and Br), 
where the PEt 3-to-metal charge transfer transitions for the cis and trans isomers are at 
35000, 40900, 48200 cm' and 34200, 36500, 39400 cm respectively when X = Cl -, 
and when X = Br the analogous transition bands are at 35200, 40000, 45500, 49700 
cm' and 34300, 36500, 39200, 46000 cm' respectively. 46 
4). Solvent effect 
The influence of solvent on charge transfer energies is a well-known phenomenon. 47 
The solvent dependence of the charge transfer bands is usually treated in terms of the 
refractive index, n, which is characteristic of the electronic polarisability of the solvent 
or the dielectric constant, c, which characterises the orientation and electronic 
polarisability of the medium. The solvent effect can shift the energy of the charge 
transfer transitions, either a red-shift or a blue-shift will be observed depending on 
whether the excited state or the ground state is affected more. The energy level of 
both excited and ground state is determined by several factors, for example, dipole 
moment, dielectric constant and the radius of solvent cavity. 47 In general, increasing 
the solvating ability of the solvent causes a red-shift. 
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For the complex [(CH 3)3 SnNCS(12)], the energy shift of the charge transfer can be 
expressed as follows, 47 
n 2 —1 	c-1 - n 2 —1 
+C 
(2n 2 +1) (F+2  n2+2J 	
(32) 
where, (AL0 + B) and C are constants characteristic of the solute and n and c are as 
before. The second term in the above equation represents the contribution of the 
interactions between the solute permanent dipoles and the induced solvent dipoles. 
For non-polar solvents, the second term can be disregarded since n 2 c. 
The MLCT transition energy for the complex [Fe(CN) 5(dmpz)] 3 (dmpz = 2, 6-
dimethylpyrizine) varies linearly with the acceptor number AN,  which is a combined 
measure of the solvent polarity or polizability, and the hydrogen bond donor ability, as 
expressed in equation (33),48 
vS vO +aAN 	(33) 
where v is the absorbance maximum (in wavenumber) for the complex in solvent s, v 0 
is the absorbance maximum in a solvent where A N = 0, for example, n-hexane, and a is 
• measure of the sensitivity of the complex to the acceptor properties of solvents. For 
• given solvent, the sensitivity is mainly determined by steric and electronic properties 
of ligands in complexes. This influence was well demonstrated in the series of 
complexes [Mo(CO) 4L] (L is a bidentate ligand containing the chelating fragment 
—N=CRCR=N—), 49 for example, when L is the ligand, Ph—NC(Me)(Me)CN—Ph—, 
the MLCT transition band is at 18980 cm -' in methanol, 19840 cm' in DMSO, 18600 
cm' in dichioromethane and 17700 cm' in carbon tetrachloride. 
More detailed discussion on the influence of the solvent on charge transfer 
transitions in metal complexes has recently been given by a review by P. Chen and T, 
J. Meyer. 50 
1.2.3 Number of Charge Transfer Bands and Their Assignment 
There are several factors affecting the number of observable charge transfer bands in 
an electronic spectrum. For hexahalometallate complexes with octahedral symmetry, 
Jorgensen 51,52  suggested that four types of LMCT transitions are possible. They are 
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written in approximately ascending order of energy, (a) t2g +— it, (b) eg 4-- it, (c) t2g 4- 
, and (d) eg  +— cy. Provided the electronic configuration of the metal centre in the 
complex is not (t2g)6, then the four types of transitions are theoretically possible. In a 
complex with low symmetry, the number of observed charge transfer transitions 
should increase compared to a complex with high symmetry since the t2g  orbitals will 
no longer be degenerate. The series of complexes [ReC16.n(py)n]Z  (see Chapter 4) and 
the analogous osmium 31 series [0sCl6.n(py)n]z  illustrate this point. Even in a complex 
with high symmetry Oh,  for example, [MC16]z,  considerable structure within a charge 
transfer manifold is exhibited . 40 The observation of several absorption bands for a 
single charge transfer transition, e.g., t2g - it, arises from the combination of the 
ground state and excited state orbitals. For the LMCT transition t2g — it, one 
combination, namely t2g 4— t1, gives rise to the states, A2 + E + T1 + T2, which 
usually lie close together. Another factor which may contribute to the observation of 
several bands is the Jahn Teller effect which lowers the symmetry of the complex 
making the charge transfer transitions more complicated. 
From the spectra of the series of complexes {ReCl6n(py)n]z  (see Chapter 4) and 
[OsC16..n(py)n]z,31  the number of d electrons present on the metal centre does not seem 
to grossly affect the spectral features except for the shift in band energies already 
noted. However, the heavier the ligand and the metal centre, the more significant the 
spin-orbit coupling. There are numerous examples in the literature which detail spin-
orbit coupling effects on charge transfer spectra, particularly for halide complexes.' 1,38 
Thus LMCT spectra of iodide containing complexes have far more absorption bands 
than analogous complexes containing a chloride ligand. 
Assignment of charge transfer bands to electronic transitions is notoriously difficult 
due to the complexities discussed above. Fortunately, a comparative study of charge 
transfer spectra of several electronically and stoichiometrically related species is more 
informative with detailed assignments often then possible. Practically, it is usually 
sensible to assign only the main absorption bands with detailed assignments rarely 
possible. This thesis utilises this approach to good effect for a series of rhenium 
complexes (see Chapter 4). 
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1.2.4 Charge Transfer Spectra and Electrochemistry 
A charge transfer transition involves an electron transfer from one molecular orbital 
to another within a complex. Low energy transitions will involve electron transfer 
between frontier orbitals, that is, between the highest occupied molecular orbitals and 
full MOs close in energy to the HOMO and the lowest unoccupied molecular orbital 
and any close empty MOs. Thus if the charge transfer process involves an electronic 
transition between the HOMO and the LUMO, then the energy of the absorption band 
may correlate with the redox potentials of the complex. If an electron is removed from 
the HOMO or added to the LUMO, then the energy of the electrochemical process 
may reflect the energy of the charge transfer transitions (see Scheme 1-9). Thus half-
wave potentials should be proportional to the energy of the charge transfer transition. 
This is indeed observed for the series of complexes [MC1 6]2 (M = W, Re, Tc, Os, Mo, 






Scheme 1-9 Schematic correlation between the energy of charge 
transfer processes and redox potentials. 
When electrons are successively removed or added from Ito a species, the spectral 
change accompanying the change in electron density in a complex can be monitored 
spectroelectrochemically provided the system is stable under the experimental 
conditions. Hence the electronic characteristics of the species can be comprehensively 
explored. 
1.3 Spectroelectrochemistry 
Spectroelectrochemistry is an in situ technique, the combination of spectroscopic 
and electrochemical methodologies and was initially developed in 1960s. At first, the 
technique was primarily developed and employed for the elucidation of 
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electrochemical reaction pathways. The disadvantage of pure electrochemical 
measurements in the elucidation of reaction mechanisms and the determination of 
kinetic parameters is that such measurements lack molecular specificity and no direct 
information about the identity of reaction products or intermediates is available. 
UVIV1s spectroelectrochemical techniques have played a leading role in identifying 
reaction products and intermediates. 17  However, a variety of spectroscopic techniques 
can be coupled with electrochemical measurement, for example, infrared, Raman and 
NIIvIR spectroscopies. More details of these spectroeelctrochemical techniques can be 
found in the literature. 16,53-57 
In spectroelectrochemical techniques, the most critical component is the apparatus 
which realises the combination of spectroscopic and electric measurements. For the 
UV/Vis spectroelectrochemical technique, the earliest and simplest apparatus 
available was the optically transparent electrode (OTE). A typical diagram is 
presented in Scheme 1-10. The first such electrodes consisted of a thin layer of doped 





\thin optically transmitting 
conducting layer 
Scheme 1-10 A typical diagram of the OTE. 56 
Sn02 on a glass substrate. Today, the most frequently used OTEs are made by 
evaporating, or sputtering, 10-100 nm thick layer of Pt or Au onto glass substrates. 
At about the same time as OTEs were developed in spectroelectrochemistry, an 
alternative design was proposed, 58 known as the optically transparent thin layer 
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electrode (OTTLE). In this design, a piece of gold minigrid (a thin gold sheet with 
typically 100-200 perforations per inch) was sandwiched between two glass 
microscope slides which were separated by a 100 .tm thick adhesive spacer, as 
demonstrated in Scheme 1-11. Since then, a variety of designs have appeared and 
more details can be found in the literature. 11,19,60  The most common advantage for 
these OTTLEs is that they can be constructed both quickly and relatively cheaply and 
can be easily assembled for mounting in a conventional spectrometer. 
Cl 
front view 
Scheme 1-11 The schematic form of the earliest OTTLE cell. 56 
The OTTLE cell used in this work is the variable temperature OTTLE developed in 
our laboratory and shown in Scheme 112.60  The important feature of this in situ 
spectroelectrochemical technique is that electrolyses can be carried out at a 
preselected temperature, depending on the requirements of a particular experiment, in 
the sample chamber of the spectrophotometer. The technique has tremendously 
extended the possibility to study many electron transfer products which are usually air 
and/or moisture sensitive. The employment of this technique enables us to probe the 
electronic character of the frontier orbitals and to elucidate the charge transfer 
transition bands of redox active species. This technique has been particularly useful in 
the study of the binary ligand complexes [MXL]z  in which we and others have 
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explored the spectral changes which accompany the changing stoichiometry and/or 
oxidation state of the metal centre, where X is Cl - for M = Re and L = py (see 
Chapter 4), X is Cl, Br and I for M = Os and L = py, 3 ' and X is Cl- and Br for M = 
Ru and L = RCN or PhCN. 44  
WE 
RE 	 i4A CE 
0.05 cm Quartz Cell 
N---, 'i ~") 
Light Path 
Warm N2 
Scheme 1-12 The OTTLE cell used in this laboratory. 
Throughout the research reported in this thesis, the principal work is devoted to the 
electrochemical and spectroelectrochemical studies of rhenium complexes. 
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CHAPTER TWO 
SYNTHESES AND CHARACTERISATION OF 
MIXED LIGAND CHLORO-PYRIDINE 
COMPLEXES OF RHENIUM, IReC16n(py)n1z 
(where n = 0 to 6) 
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2.1 Introduction 
Redox induced substitution reactions are widely used in the synthesis of transition 
metal complexes. The reactions may be either chemically or electrochemically 
induced. There are several advantages to initiating electron transfer reactions via an 
electrode rather than by a chemical oxidising or reducing agent. Firstly, the potential 
of the electron transfer reaction can be accurately monitored and then set 
electrochemically and hence there is far greater control over the reaction. This control 
is important if the starting material gives rise to more than one redox process 
occurring at similar potentials. Secondly, electrochemical synthesis is a clean 
technique with the electrons supplied or removed by an electrode rather than by a 
chemical redox agent, thereby reducing the number of chemical species present in the 
reaction. A further benefit of electrochemical synthesis is that the reaction may be 
carried out at low temperature which may result in the formation of different product 
species than if the reaction had been performed at elevated temperatures. Both 
electrochemical and chemical methods have been utilised in this work to prepare a 
series of mixed chloro-pyridine complexes of rhenium, [ReCl6n(py)n]z, py = pyridine, 
n = 0 to 6. 
Systematic studies on binary mixed ligand complexes have been of particular interest 
to our group in order to explore ligand additivity arguments and the unequivocal 
assignment of charge transfer bands to electronic transitions in the UV/Vis spectra of 
coordination compounds. There have been few reports in the literature on this topic, 
especially for an extended series of related complexes. We reported here the syntheses 
of the series of chloro-pyridine rhenium complexes, [ReCl6n(py)n]z;  [ReCl 5py]', 1, 
trans- [ReCl4(py)2] , 2, cis-[ReC14(py)2], 3, mer-[ReC13(py) 3], 4, trans- [ReCl2(py) 4J 1 , 
5, [ReCl(py) 5 ]2 , 6 and [Re(py)6] 2 , 7, which are all prepared from [ReC1 6]2 via 
reduction induced substitution reactions. The structure of each of the above 
compounds as determined by single crystal X-ray diffraction studies is reported here. 
The structure of mer-[ReC1 3(py) 3 ] has been previously reported' as have the synthetic 
procedures for the preparation of the mono- and di- (trans isomer only) pyridine 
complexes. 
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Comparative studies of related mixed ligand compounds are of interest 
electrochemically, spectroscopically and structurally. To date only the analogous 
chioro-pyridine osmium series of complexes has been reported  although there are 
several reports of individual members of similar series of other transition metals such 
as trans- [RhC12(Py)4]' or [IrCl 5py]
1
. 4 The rhenium complexes detailed herein 
involve the sequential replacement of it-donor ligands (chloride) by weak it-accepting 
ligands (pyridine). We consider here the influence of electronic configuration (either 
for a given transition metal in different oxidation states or different transition metals in 
the same oxidation state) on metal-nitrogen and metal-chloride bond lengths. 
Subsequent chapters report on the electrochemical and spectroelectrochemical studies 
of these complexes. 
2.2 Syntheses 
2.2.1 Electrochemical Syntheses 
2.2.1.1 [NBu4JIReC15pyJ, 1 
[NttBu4]2[ReC16] (103 mg, 0.12 mmol) was dissolved in 0. 1M [N°Bu4] [BE4]! 
pyridine (Ca. 25 ml) electrolyte solution. The solution was cooled down to -15°C and 
the reduction induced substitution reaction was carried out at -1.80 V in the H-type 
cell. After consumption of one molar equivalent of electrons (12 C), the solution was 
oxidised at -0.20 V to prevent further substitution reactions. The solvent was 
removed at about 0°C under vacuum. Pyridine solvent residues were driven off at 
70°C in vacuo. A dichioromethane solution of the target complex and [N"Bu 4][BF4] 
was chromatographed on a silica gel 60 column to remove most of the [N°Bu 4][BF4]. 
After evaporation of the solvent, the residues were suspended in methanol to remove 
trace amount of [NBu 4] [BF4]. The product (14 mg, yield 18%) was filtered, washed 
twice with methanol and dried at 70°C in vacuo overnight. The complex was 
recrystallised from hot methanol which resulted in turquoise crystals suitable for X-
ray diffraction studies. 
2.2.1.2 trans-[ReCI4(py) 21, 2 and INPr41IIReCI4(py) 21, 2 
The reduction induced substitution reaction was performed as for species 1 except 
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that the solution temperature was held at room temperature to promote 
disubstitution. After electrolysis at -1.80 V, the red solution consisting of Ca. 35% 
trans and ca. 65% cis disubstituted isomer was heated to reflux for one hour in order 
to convert all of the cis isomer to the trans isomer. The solution was then 
electrochemically oxidised at 0.2 V and the pale yellow solid (32 mg, yield 46%), 
complex 2, was collected. The product was washed with dichioromethane and 
hexane and dried in vacuo. A suspension of complex 2 in dichioromethane was 
reduced with excess hydrazine/methanol (arbitrary ratio) solution. Excess [NPr 4]OH 
(20% aqueous solution) was added to the resultant red solution. Decreasing the 
temperature of the solution to -20°C resulted in the formation of crystalline trans-
[NPr4] [ReCL(Py)2], 2 suitable for single crystal X-ray diffraction studies. 
2.2.1.3 cis-[ReCL4(py) 2], 3 and cis- NPr4 IReC14(py) 21, 3_ 
A solution of [NBu 4]2[ReCl6] ( 103 mg, 0.12 mmol in 0. 1M [NBu 4][BF4]/ 
pyridine was reduced at -1.80 V at room temperature in the H-type cell. The mixture 
of trans and cis disubstituted isomers were separated by oxidation of the solution at 
+0.20 V. The trans isomer, 2, is insoluble and precipitates from the solution leaving 
the cis isomer, 3, dissolved in pyridine. The pyridine solvent was removed and the 
residues dissolved in dichioromethane. The dichloromethane solution was purified on 
a silica gel 60 column. A yellowish green solid (ca. 10 mg, yield 18%), complex 3, 
was isolated from the column which was dissolved in hot acetonitrile. Yellowish 
green crystals suitable for single crystal X-ray diffraction studies were obtained from 
the cooled solution. Using the same procedure as described above for complex 2, 
dark red crystals of cis- [NPr4] [ReC14(py) 2], were obtained. 
2.2.1.4 mer-[ReCI3(py)31,  4 
The trisubstituted product was obtained from a solution of the trans and cis 
disubstituted pyridine species prepared as above. Further reduction of the solution at 
-2.00 V gave rise to [ReC1 3 (py) 3]'. The violet solution was oxidised automatically 
when exposed to air. After evaporation of the pyridine solvent, the residue was 
dissolved in dichloromethane and the solution was run through a silica gel 
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chromatography column. Slow evaporation of an acetonitrile solution of complex 4 
yielded dark red crystals of the desired product which were washed with cold 
methanol and dried in vacuo. 
2.2.2 Chemical Syntheses 
2.2.2.1 INBu 41[ReCl5py1, 1 
Method 1. [N°Bu4]2[ReCI6] (200 mg, 0.23mmol) was dissolved in pyridine (0.5 
ml) and diglyme (4 ml) was added. The suspension was heated to 185°C and stirred 
for half an hour under a nitrogen atmosphere. The temperature was decreased to 
130'C and the mixture stirred for a further two and half hours. The solution was 
observed to change colour from purple brown to red brown during this period. The 
red brown suspension changed colour to green during filtration in air. The green 
solid (96 mg) was washed with diethyl ether. The solid was then dissolved in hot 
ethyl glycol/diethyl ether and then cooled slowly. Light green crystals resulted. Yield 
(Ca. 10%). 
Method 2. [N°Bu4] 2[ReC16] (100 mg, 0.11 mmol) was added to a pyridine (5 ml) 
solution containing AgBF4 (28 mg, 0.14 mmol). The solution was heated for two hour 
at 115°C under an atmosphere of nitrogen. The pyridine was removed under vacuum. 
Dichioromethane was added to the residue and the AgC1 formed during the reaction 
was filtered off with celite. The dichioromethane solution yielded the product 
[N11Bu4][ReCl 5py] on evaporation which was then rectystallised from dry ethanol (65 
mg, yield 84%) washed with cold ethanol and then dry diethyl ether. 
2.2.2.2 mer-ReCl3(py) 3I, 4 
{NBu4] 2[ReC16] (200 mg, 0.23 mmol) was dissolved in pyridine (10 ml). Zinc 
dust (100 mg, 1.5 mmol) was added to the solution and the suspension was 
vigorously stirred under nitrogen for 27 hours at room temperature. The unreacted 
zinc dust and other inorganic salts were filtered off leaving a deep brown solution. 
The residue, after evaporation of the pyridine was dissolved in dichioromethane. 
Ethanol (2 ml) was added to the solution which yielded dark red needle crystals (81 
45 
CHAPTER 2 SYNTHESES AND CHARACTERISATION OF MIXED LIGAND CHLORO-PYRJDINE COMPLEXES OF 
RHENIUM, [ReC45,,(py),f (n = 0 to 6) 
mg, yield 66%) of the desired product. Recrystallisation from dichloromethane/ 
ethanol removed trace amount of the disubstituted species. 
2.2.2.3 trans-IReCL(py)2J, 2 
Complex 4 (40 mg, 0.08 mmol) was dissolved in newly distilled CH 202 (80 ml) in a 
UV irradiation vessel with water cooling jacket. The solution was saturated with 
nitrogen gas and then irradiated with a Hg-lamp for 16 hours. The resulting brown-
yellow solid (36 mg, yield 98%) was washed with dichioromethane and dried in 
vacuo. 
2.2.2.4 trans- IReC12(py)41 [BF4I, S 
Pyridine (10 ml) was added to the mixture of [N 11Bu4]2[ReCl6} (200 mg, 0.23 
mmol) and zinc dust (200 mg, 3.1 mmol). The suspension was stirred at 8090°C 
under nitrogen for four hours. The unreacted zinc dust and other inorganic salts were 
removed by filtration off leaving a yellow solution of trans-[ReC1 2(py) 4]Cl. After 
evaporation of the pyridine solvent, the residue was dissolved in a mixture of 
dichioromethane and ethanol (1:1). An aqueous solution of NaBF 4 (0. 1M, 1 ml) was 
added to the solution to metathesise the counter ion. An orange crystalline solid 
formed immediately (95 mg, yield 66%) which was washed with cold ethanol and 
dried in vacuo. The solid was dissolved in hot ethanol and then cooled slowly 
yielding regular brown red crystals of the desired product, 5, which were suitable for 
single crystal X-ray diffraction studies. 
2.2.2.5 [ReC1(py)5] 1BF41 2, 6 
Pyridine (10 ml) was added to a mixture of [NtBu 4]2[ReCl6] (200 mg, 0.23 mmol) 
and zinc dust (200 mg, 3.1 mmol). The suspension was heated to reflux under 
nitrogen for Ca. 20 hours. After the temperature of the solution reached room 
temperature, [NBu 4][BF4] ( 150 mg) was added. The product changed colour 
immediately from purple to brown when exposed to the air. After removal of 
unreacted zinc dust and inorganic salts produced during the reaction, the solution 
was concentrated to Ca. 2 ml under vacuum. Deoxygenated dry methanol (ca. 2 ml) 
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was added dropwise to the concentrated solution and then left at -20°C. Brown 
crystals (77 mg, 42%) suitable for single crystal X-ray diffraction studies were 
obtained from the solution which were washed with cold ethanol and diethyl ether. 
2.2.2.6 IRe(py)611BF41 2 , 7 
Pyridine (10 ml) was added to a mixture of K 2[ReC16] (200 mg, 0.42 mmol), 
NaBF4 (200 mg, 1.8 mmol) and zinc dust (200 mg, 3.1 mmol). The suspension was 
heated to reflux under nitrogen for 16 hours. The resultant dark purple suspension 
changed to black brown immediately on exposure to air. After the removal of the 
insoluble materials (unreacted zinc dust, NaBF 4 and other inorganic salts), the 
pyridine was quickly evaporated under vacuum. A solution of the residue in 
nitromethane was evaporated to near dryness and then suspended in 
dichloromethane. From the suspension a black shiny crystalline solid (134 mg, yield 
80%) was isolated, washed with cold methanol and dried in vacuo. Reciystallisation 
was achieved either through diffusion from a nitromethane solution into ethanol 
solvent or from the slow evaporation of a solution of benzonitrile/acetonitrile. Either 
method of crystallisation provided crystals of sufficient quality for single crystal X-
ray diffraction studies. 
2.3 Results and Discussion 
2.3.1 Electrochemical Syntheses 
The one-electron reduction process: 
[ReC16] 2 + & 	[ReC16]3 
is rapidly followed by a chemical reaction at room temperature. 5 If the reduction step 
is carried out in pyridine at -1.80 V at 260 K, then the monosubstituted species, 
[ReCl5py]2 , is formed. The monosubstituted complex may be stabilised and isolated in 
the Re(IV) oxidation state, that is, the solution of [ReCl 5py]2 must be 
electrochemically oxidised at +0.20 V generating [ReCl 5py]', 1, before product 
isolation is possible. The complex, [ReCl 5py]', must be rapidly removed from the 
pyridine solvent at low temperature in order to prevent further substitution reactions. 
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Both osmium 2  and ruthenium 6  hexachlorometallate show similar behaviour although 
it is interesting to note that if [RuC1 6] 2 is reduced in acetonitrile or benzonitrile then it 
is not possible to isolate the monosubstituted species because of a rapid 
disproportionation reaction. 
If the pyridine solution of [ReCl 5py]2 is kept at room temperature then displacement 
of a further chloride ligand by pyridine occurs yielding the disubstituted species 
[ReC14(py) 2]' in isomeric ratio 35% trans- [ReCL(py)2] ':65% cis-[ReC14(y)21 '. 
Complex isomerisation to the trans isomer may be achieved by heating the pyridine 
solution of both isomers under reflux for 1 hour. In order to isolate the cis isomer, it 
is necessary to oxidise the mixed disubstituted isomeric solution at +0.20 V to the 
Re(IV) oxidation state. The neutral trans-[ReC14(py) 2}, 2, precipitates from solution 
leaving the cis-[ReC1 4(py)2], 3, isomer in solution from which it can be isolated. We 
have found no evidence of cis to trans isomerisation in solid or solution phases 
providing the cis isomer is kept below room temperature. 
The trisubstituted complex, mer-[ReC13 (py) 3], was prepared electrochemically from 
the disubstituted complex using either cis-[ReC1 4(py)2] 1 or trans- [ReC14(py)2] . In 
both cases, only mer-[ReCl 3(py) 3], 4, could be isolated. An electrogeneration potential 
of -2.00 V was applied to a pyridine solution of [ReC1 4(py)2] 1 in an H-type cell 
yielding mer-[ReC1 3(py) 3]' which is air oxidised to give the desired product mer-
[ReC13(py) 3]. To date we have been unable to synthesise the fac-isomer using either 
electrochemical or chemical methods. The electrochemical reactions are summarised 
in Scheme 2-1. 
260K 	 - 
	
[ReC16 ] 2 + 	py + e 	a[ReCl5py]2 






trans-[ReC14(py)2] cis-[ReCL1(py)2] 1 	cis-[ReC14(py)2] 
+ & I + py 
mer-[Rel3(py)3] 1 02 mer-[ReC13(py)3] 
Scheme 2-1 Electrosynthetic pathways to complexes, [ReCl 5py]', trans-
[ReCl4(py)2]0 ", cis-[ReC14(py)2] and mer-[ReC1 3 (py) 3]. 
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2.3.2 Chemical Syntheses 
Complexes 1 	4 can be efficiently prepared by stepwise substitution of chloride 
ligand by pyridine in an electrochemical cell. Judicious choice of electrogenerating 
potential and temperature has resulted in isolation of the mono, di and trisubstituted 
products. However, it proved impossible to synthesise the further substitution 
products using electrochemical methods and we therefore had to explore chemical 
methods of preparing the tetra, penta and hexapyridine complexes. We have also 
prepared complexes 1, 2 and 4 chemically. To date we have been unable to prepare 
significant amounts of cis-[ReC1 4(py) 2] chemically. 
The appropriate selection of reaction conditions is critical for the formation of each 
of the substituted products. Otherwise a mixture of product species is obtained which 
have proved difficult to separate. The monopyridine complex is prepared in good 
yield by addition of AgBF 4 to a solution of [ReC1 6 ]2 in pyridine on heating. The Ag 
abstracts chloride from the starting material to form AgC1 and the desired product 
species, [ReCl 5py]'. Preparation of all further substituted pyridine complexes involves 
the addition of Zn dust and NaBF 4, where necessary, to the solution to effect 
rhenium-based reduction plus precipitation of ZnC1 2 . 
The following chemical method has been developed for the synthesis of mer-
[ReC13(py) 3] and trans-[ReC14(py) 2]. An excess of finely powered Zn is added to a 
pyridine solution of [ReC1 6]2 . The suspension is vigorously stirred under nitrogen at 
room temperature resulting in a significant yield of the deep purple mer-[ReC1 3(py) 3]' 
which can be aerially oxidised to the dark-red product mer-[ReCl 3(py) 3 ] with removal 
of the nitrogen protection. Irradiation of mer-[ReC1 3(py) 3] in dichioromethane using 
an UV light source gives a quantitative yield of trans- [ReC14(py) 2]. Photoexcitation in 
the ultraviolet of mer-[ReC13 (py) 3 ] promotes a metal-to-ligand charge transfer from 
the rhenium metal to a pyridine ligand. This process is rapidly followed by cleavage of 
the Re—N (py) bond and abstraction of chlorine from the solvent. Similar 
photochemical reactions have been observed in Ru—bipyridyl complexes in 
dichloromethane7' 8 or in palladium and platinum complexes. 9 
The tetrapyridine complex, trans- [ReC12(py) 4] 1+  , is prepared from a pyridine solution 
of [ReC16]2 to which an excess of Zn dust was added. The solution temperature is 
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kept at 360 K for four hours giving a deep purple solution of the reduced form of the 
tetrapyridine complex which can easily be oxidised by the air to give the desired 
product. We have been unable to synthesise the cis-tetrapyridine compound. The 
pentasubstituted species, [ReCl(py) 5 ]2 , could be isolated from the same reaction 
solution as for the tetrapyridine complex provided the solution was heated to reflux 
for 20 hours. In order to substitute the final chloride ligand to give [Re(py) 6]2 , it was 
necessary to use more forcing conditions, namely we required to add NaBF 4 to the 
solution and use dipotassium hexachlororhenate as the starting material. 
We wish to note that particular attention has to be paid to the preparation and 
isolation of [ReCl(py) 5 ]2 . One of the pyridine ligands is easily removed from this 
species, presumably the pyridine ligand trans to the chloride ligand since this Re—N 
bond is significantly longer than the other four Re—N bonds (see Figure 2-6). Hence 
addition of a non-bulky neutral coordinating ligand, L such as CH 3CN, to a 
dichloromethane solution of [ReCI(py) 5 ]2 resulted in immediate formation of 
[ReCl(py) 4L]2 . The complex [ReCI(PY)5]21 was therefore recrystallised from a 
methanol solution containing an appropriate amount of pyridine. 
The sequential replacement of chloride ligands by pyridine ligands on a rhenium 
metal centre therefore requires more forcing conditions as the number of it-donor 
ligands are substituted. Exchange of one chloride by one pyridine can be effected from 
[ReC16]2 in the presence of AgBF 4 whereas replacement of all six ligands requires 
addition of an excess of Zinc and NaBF 4 to a suspension of K 2 [ReC16] in pyridine 
heated to reflux for 16 hours. Similar trends in reaction conditions have been noted 
for the analogous reactions of [RuC1 6] 2 with benzonitrile 6 and [OsC16]2 with 
pyridine. 2 Significantly longer reaction times were required for the formation of 
[OsC16(py)]z compounds 2 compared to analogous [ReC16n(py)n]z  species whereas 
[MoC14(py) 2]' can be prepared at room temperature from [MoC1 6] 2 in 
dichloromethane containing a slight excess of pyridine.' ° 
Complexes 1, 2 and 3 are significantly easier to prepare via electrochemical methods 
whereas complexes 4-7 are better synthesised by chemical routes. The results of C, 
H and N analyses for all isolated products are given in Table 2-1 which also includes 
the position of the IR frequencies of the pyridine ring deformations in each of the 
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complexes. Upon complexation, the pyridine ring deformations shift from 605 and 
405 cm', as measured for free pyridine, to higher energy.' 1 We note from Table 2-1 
that there does not appear to be a correlation between the wavenumber shift and 
complex stoichiometry. However, the bands are obviously related to the symmetry of 
the complex with the deformation modes splitting into two or three bands in low 
symmetry complexes. 
Table 2-1. Analytical and physical data for the mixed chloro-pyridine complexes 
of rheniumt 
complex 	 colour 	 (cm') 	C H N analysis (%) 
[N"Bu4] 2 [ReC161 	pale 43.43 	8.31 	3.10 
greenish 	 (43.48) (8.21) (3.17) 
yellow 
[N"Bu4[ReCl5py] 	turquoise 	444,648 	37.07 	5.85 	4.11 
(36.82) (6.03) (4.09) 
trans-[ReC14(py) 2} pale yellow 478,647 24.91 2.08 5.74 
650 (24.70) (2.07) (5.76) 
frans-[NPr4]{ReC1 4(jy) 2] rose red 448,646 38.25 5.72 6.00 
cis-fReC1 4(py) 21 yellowish 443,648 25.05 2.17 5.37 
green 645 (24.70) (2.07) (5.76) 
cis-[NPr4][ReCL4(py) 2] dark red 453,635 40.19 5.99 6.44 
(39.28) (5.70) (6.25) 
mer-[ReC13(py) 3] dark red 477, 465 33.98 2.90 7.72 
453,636 (34.00) (2.85) (7.93) 
trans-[ReCl2(Py)4][BF4] deep orange 451, 645 36.69 3.36 8.30 
(36.38) (3.05) (8.48) 
[ReCl(y) 5][BF4] 2 brown 441,450 37.32 3.50 8.83 
458, 641 (37.97) (3.19) (8.86) 
[Re(py)61 [BF41 2 black 422,640 42.35 3.35 9.51 
(43.18) (3.62) (10.07) 
t Calculated values are given in parentheses. 
It is noteworthy that the formation of the cis isomer is prefered in both the 
electrochemical and chemical preparations of the disubstituted pyridine complex. In 
the electrochemical synthesis, two thirds of the disubstituted product is the cis isomer. 
In the chemical preparation of the mer isomer, in which the reaction is 
electrochemically monitored, the cis isomer is formed first and then the cis isomer is 
converted to the trans isomer. This suggests that the cis isomer has a lower energy 
than the trans analogue. Indeed, the results of Extended HUckel Molecular Orbital 
calculations show that the total molecular energy of the cis isomer is slightly lower 
than that of the trans isomer. In the calculations, the optimised geometries of both 
K 	51 
CHAPTER 2 SYNTHESES AND CHARACTERISATION OF MIXED LIGAND CHLORO-PYRIDINE COMPLEXES OF 
RHENIUM. [ReCl(py).f (n = 0 to 6) 
isomers are similar to those obtained by single X-ray diffraction studies (see Figures 
2-2 and 3). The total energy of the cis isomer at oxidation state IV is -84.591 kJ/mol 
and for the trans isomer, the energy is -83.418 kJ/mol. The difference in the total 
molecular energy is so small that the conversion from the cis isomer to the trans 
isomer is relatively easy. The preparation of the mer isomer shows that vigorously 
stirring the cis isomer at room temperature is enough to complete the conversion to 
the trans isomer. 
2.3.3 X-Ray Diffraction Studies 
Full crystallographic details for [N"Bu 4] [ReCl 5py], trans-[NPr4] [ReC14(py) 2], cis-
[ReCl4(py) 2], mer-[ReCl3(py) 3 ], trans- [ReCl2(py) 4] [BF4], [ReCl(py) 5 ] [PF6]2 and 
[Re(py)6}[BF4]2 are given in Appendix II. 
The structure of {N°Bu 4][ReCl 5py] and selected bond lengths and angles are shown 
in Figure 2-1. The Re—N bond length is 2.153(5) A. The Re­—C1 bond lengths vary 
from 2.331(2) A for the Cl opposite the pyridine ring to 2.358(2) A for an equatorial 
Re—Cl bond. It might have been anticipated that the Re—Cl bond trans to the 
pyridine ring would have the shortest bond length for Re in the high oxidation state 
Re(IV), d3 electronic configuration. However, it is not significantly shorter than at 
least one of the equatorial Re—Cl bonds. The longest Re—Cl bonds lie in the 
equatorial plane which suggests that the site of the second substitution will be in the 
cis-position. We expect that the difference in Re—Cl bond lengths will be more 
pronounced in [ReCl 5py]2 , r, from which the disubstituted species are prepared. 
Thus it is not surprising that at room temperature formation of the cis isomer is 
favoured 2:1 over the trans isomer. A plane through Cl(s), Re and the pyridine ring 
bisects the Cl(1)—Re--Cl(2) and Cl(3)—Re--Cl(4) by 39.3° which is very close to 
the angle of 45°, obtained from Extended HUckel Molecular Orbital calculations for 
the lowest energy configuration of [ReCl 5py]'. 
The structure of trans-[NPr4][ReC14(py) 2] (Figure 2-2) shows a Re—N bond length 
of 2.122(10) A and an average Re—Cl bond length of 2.382(3) A. The two pyridine 
rings are coplanar which is the same geometric arrangement as found in the analogous 
Os complex, trans- [NPr4][OsC14(py) 2].2 The plane through the two pyridine rings and 
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the Re bisects the C1(1)—Re---Cl(2) and C1(IA)—Re---C1(2A) angles by 40.8°. A list 






Figure 2-1 The crystal structure of [ReC] 5py]' with the selected bond lengths (A) and 
angles (°). 
Re(I)-N(I) 2.153(5) Cl(2)-Re(1 )-Cl(1) 89.96(6) 
Re(l )-CI(5) 2.331(2) N(1 )-Re(1 )-Cl(4) 88.16(14) 
Re( 1 )-Cl(2) 2.334(2) Cl(5)-Re( I )-Cl(4) 93.22(7) 
Re( I )-Cl( 1) 2.339(2) C1(2)-Re( I )-Cl(4) 89.22(6) 
Re( 1 )-Cl(4) 2.346(2) Cl( 1 )-Re( I )-Cl(4) 176.16(6) 
Re(l)-CI(3) 2.358(2) N( 1)-Re( I )-Cl(3) 88.08(14) 
N(1)-Re(1)-Cl(5) 178.02(14) Cl(5)-Re(1 )-Cl(3) 90.51(6) 
N(1 )-Re( 1 )-Cl(2) 89.47(14) C1(2)-Re( I )-Cl(3) 177.34(6) 
Cl(5)-Re(1)-Cl(2) 91.96(7) Cl(1 )-Re( 1)-Cl(3) 91.01(6) 
N( I )-Re( 1 )-C1( 1) 88.08(14) Cl(4)-Re( I )-C1(3) 89.65(6) 
C1(5)-Re(1)-Cl(1) 90.56(7) 
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Figure 2-2 The Crystal structure of trans-[ReCI4(py) 2] 1 with the selected bond 
lengths (A) and angles (°). 
Re(l)-N(1A) 2.122(10) C1(l)-Re(1)-Cl(1A) 180.0 
Re(l)-N(1) 2.122(10) N(IA)-Re(l)-CI(2) 89.8(3) 
Re(1)-C1(1) 2.381(3) N(1 )-Re(1 )-Cl(2) 90.2(3) 
Re(l)-CI(1A) 2.381(3) Cl(l)-Re(1)-Cl(2) 89.58(13) 
Re( I )-C1(2) 2.386(3) Cl(1 A)-Re(l)-CI(2) 90.42(13) 
Re( 1 )-Cl(2A) 2.386(3) N( I A)-Re( 1 )-Cl(2A) 90.2(3) 
N(1 A)-Re(1 )-N( 1) 180.0 N(l )-Re(1 )-Cl(2A) 89.8(3) 
N( 1 A)-Re( 1 )-C1( 1) 89.8(3) Cl( I )-Re( I )-Cl(2A) 90.42(13) 
N(l)-Re(1 )-Cl( 1) 90.2(3) C1(1 A)-Re(l)-CI(2A) 89.58(13) 
N( I A)-Re( 1 )-Cl( 1 A) 90.2(3) Cl(2)-Re( 1 )-Cl(2A) 180.0 
N(1)-Re(1)-Cl(1A) 89.8(3) 
Symmetry transformations used to generate equivalent atoms A: 
-x+1 ,-y,-z+1 
The structure of cis-[ReC14(py)2] (Figure 2-3) shows a Re—N bond length of 
2.154(12) A. Where a chlorine atom is trans to a pyridine ring the Re—Cl bond is 
2.326(4) A whereas the two mutually trans-Re—Cl bonds are longer at 2.342(4) A. 
54 
CHAPTER 2 SYNTHESES AND CHARACTERISATION OF MIXED LIGAND CHLORO-PYRIDINE COMPLEXES OF 







Figure 2-3 The crystal structure of cis-[ReCI 4(py)2} with the selected bond lengths (A) 
and angles (°). 
Re( l)-N(1A) 2.154(12) Cl( I )-Re( 1)-Cl(IA) 93.6(2) 
Re( I )-N(1) 2.154(12) N( I A)-Re(1)-Cl(2A) 90.1(4) 
Re( 1 )-C1( 1) 2.326(4) N( 1 )-Re( I )-Cl(2A) 86.6(4) 
Re( I )-C1( IA) 2.326(4) Cl( I )-Re( I )-Cl(2A) 92.96(14) 
Re( I )-Cl(2A) 2.342(4) Cl( 1 A)-Re( 1 )-Cl(2A) 90.13(14) 
Re( I )-Cl(2) 2.342(4) N( I A)-Re( I )-Cl(2) 86.6(4) 
N( 1 A)-Re( 1 )-N( 1) 85.7(7) N( I )-Re( I )-Cl(2) 90.1(4) 
N(1 )A-Re(1 )-Cl(1) 174.9(4) Cl(I )-Re(1)-C1(2) 90.13(14) 
N( I )-Re( I )-Cl(1) 90.4(4) C1( I A)-Re( 1 )-Cl(2) 92.96(14) 
N( I A)-Re( 1 )-Cl( IA) 90.4(4) Cl(2A)-Re( I )-Cl(2) 175.5(2) 
N( 1 )-Re( I )-Cl( 1 A) 174.9(4) 
Symmetry transformations used to generate equivalent atoms A: 
-x+ I ,y,-z+ 1/2 
The different Re—Cl bond lengths are quantitatively as expected for a high oxidation 
state, Re(IV), d 3 electronic configuration, bound to two trans it-donor (Cl -) ligands 
and a chloride ligand trans to pyridine, a weak it-accepting ligand. The planes of the 
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two pyridine rings are inclined at an angle of 5350  The two pyridine rings have the 
same dihedral angle with the plane through C1(1), Re and Cl(1A). Interestingly, the 
angle is the same as the dihedral angle in trans- [NPr4][ReCL 4(py)2]. The difference in 
Re—N and Re—Cl bond lengths between the cis and trans isomers is probably 
attributable to the different oxidation states of the rhenium metal between the two 
isomers with the Re(IV) cis isomer exhibiting shorter Re—Cl and longer Re—N 
bonds than the trans Re(III) isomer. 
The structure of mer-[ReC13(py) 3 ] and relevant bond lengths and angles are shown in 
Figure 2-4. The Re—Cl bond trans to the pyridine ligand of 2.394(2) A is 
considerably longer than the two trans Re—Cl bonds at 2.3 726(l 0) A, which must, in 
part, be responsible for the formation of only the trans tetrapyridine rhenium complex 
via mer-[ReC1 3 (py) 3]' in which the elongation of the Re—Cl trans to the pyridine 
ligand must be enhanced because of the lower oxidation state of the Re. The two 
trans pyridine ligands are not coplanar (as in trans-[ReCI 4(py)2]') but show an 
interplanar angle of 86.6°. The three pyridine rings with the nitrogen atoms N(1 1), 
N(1 1A) and N(12) are twisted out of the mean ReC1(1)N 3 plane by 132.8°, 47.2° and 
40.2°, respectively. The arrangement is such that the steric repulsion between the a 
protons from the three pyridine rings is minimised. 
The single crystal structure determination of trans-[ReCl2(py)4] 1+  shows average 
Re—N and Re—Cl distances of 2.14(2) and 2.36(2) A respectively. The pyridine 
rings are tilted out of the ReN 4 plane by 44.2, 37.0, 43.6 and 44.0° respectively for 
the pyridine rings containing N(1), N(2), N(3) and N(4) as shown in Figure 2-5. The 
interplanar angles between the two mutually trans pyridine rings (containing N(1) and 
N(2), N(3) and N(4)) are 80.9 and 87.7 0 respectively, which give the observed 
propeller-like arrangement. 
Figure 2-6 shows the structure of [ReCl(py) 5 ]2 with selected bond distances and 
angles. The Re—N bond trans to the Re—Cl bond is significantly longer than the 
other Re—N bonds, 2.179(5) A compared to 2.152(5) A for the longest of the four 
remaining Re—N bonds. This behaviour opposes that observed in mer-[ReC13(py) 3 ] in 
which the Re--N bond trans to chloride is shorter than the mutually trans Re--N 
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C (1) 
Figure 2-4 The crystal structure of mer-[ReCI3(py)3] and the selected bond lengths 
(A) and angles (°). 
Re(])-N(12) 2.114(5) N(1 1)-Re(1)-CI(2A) 89.24(9) 
Re(1)-N(1IA) 2.130(3) N(12)-Re(1)-C1(2) 88.75(3) 
Re(l)-N(1 1) 2.130(3) N(1 I A)-Re(l)-CI(2) 89.24(9) 
Re( 1 )-Cl(2A) 2.3726(10) N( 11 )-Re( 1 )-Cl(2) 90.80(9) 
Re( I )-Cl(2) 2.3726(10) C1(2A)-Re( 1 )-Cl(2) 177.50(6) 
Re(1)-C1(1) 2.394(2) N(12)-Re( l)-CI(l) 180.0 
N( 1 2)-Re( I )-N( 11 A) 90.92(9) N( 11 A)-Re( 1 )-C1( 1) 89.08(9) 
N(12)-Re(1)-N(1 1) 90.92(9) N(1 1)-Re(1)-CI(1) 89.08(9) 
N(1 IA)-Re(1 )-N(1 1) 178.2(2) Cl(2A)-Re(1)-Cl(1) 91.25(3) 
N(12)-Re(1 )-C1(2A) 88.75(3) C1(2)-Re(1)-C1(1) 91.25(3) 
N(1 IA)-Re(1)-CI(2A) 90.80(9) 
Symmetry transformations used to generate equivalent atoms A: 
-x+312,y,-z+ 1 
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Figure 2-5 The crystal structure of trans- [ReCl2(py)4] 1+  with the selected bond lengths 
(A) and angles (°). 
Re(1)-N(1) 2.128(13) N(4)-Re(l)-N(3) 176(2) 
Re(1)-N(2) 2.142(13) N(1)-Re(1)-Cl(1) 88.8(13) 
Re( 1 )-N(4) 2.14(2) N(2)-Re( 1 )-Cl( 1) 92.7(10) 
Re(l)-N(3) 2.15(2) N(4)-Re(1)-CI(1) 93.7(10) 
Re(1)-Cl(1) 2.34(2) N(3)-Re(1)-C1(1) 90.7(11) 
Re(l)-CI(2) 2.37(2) N( I )-Re( I )-C1(2) 92.5(13) 
N( I )-Re( I )-N(2) 178(2) N(2)-Re( 1 )-Cl(2) 86.1(10) 
N( 1)-Re( I )-N(4) 91.5(13) N(4)-Re(l)-CI(2) 88.8(10) 
N(2)-Re( I )-N(4) 87.7(11) N(3 )-Re( I )-C1(2) 86.8(10) 
N( l)-Re(1 )-N(3) 87.8(12) Cl(1 )-Re(1)-CI(2) 177.1(6) 
N(2)-Re( I )-N(3) 92.9(10) 
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Figure 2-6 The crystal structure of [ReCl(py) 5 ]2 and the selected bond lengths (A) 
and angles (°). 
Re(1)-N(2) 2.129(5) N(1)-Re(1)-N(5) 91.5(2) 
Re( 1 )-N(4) 2.141(6) N(2)-Re( 1 )-N(3) 93 8(2) 
Re(l)-N(l) 2.151(6) N(4)-Re(1)-N(3) 91.6(2) 
Re(1)-N(5) 2.152(5) N(1)-Re(1)-N(3) 90.1(2) 
Re( 1 )-N(3) 2.179(5) N(5)-Re( 1 )-N(3) 90.2(2) 
Re(1)-CI(1) 2.347(2) N(2)-Re(l)-CI(l) 88.1(2) 
N(2)-Re( I )-N(4) 90.4(2) N(4)-Re( I )-C1( 1) 88.8(2) 
N(2)-Re( 1 )-N( 1) 86.9(2) N( 1 )-Re( I )-C1( 1) 89.6(2) 
N(4)-Re( I )-N( 1) 177.0(2) N(5)-Re( I )-C1( 1) 87.9(2) 
N(2)-Re( 1)-N(S) 175.7(2) N(3)-Re( I )-Cl( 1) 178. 1(2) 
N(4)-Re(1)-N(5) 91.0(2) 
bonds. As both complexes contain Re(III) the differing behaviour cannot be attributed 
to the oxidation state of the metal. The bond lengths in the mer isomer are as 
expected for a weak it-acceptor trans to a strong it-donor versus two it-acceptors and 
we therefore conclude that steric constraints force the observed structure to be 
adopted. The pentapyridine complex is formed from the irans-[ReC12(py) 4] with the 
ReN4 structural moiety remaining almost the same between the two structures. The 
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tilt angles out of the ReN 4 plane for the pyridine rings containing N(1), N(2), N(4) 
and N(5) are 50.6, 43.8, 43.0 and 30.5° respectively which are comparable to those 
observed in trans- [ReCl2(py) 4]' (vide supra). The pairs of pyridine rings, N(1)-N(4) 
and N(2)-N(5), adopt the interplanar angles of 82.6 and 73.8° respectively which 
gives the propeller-like arrangement as in trans- [ReCl2(py) 4] 1 . Addition of the fifth 
pyridine ligand is therefore sterically difficult resulting in a long Re—N bond. This 
pyridine ligand is easily replaced by non-bulky ligands such as chloride and CH 3 CN. 
The structure of the completely substituted complex, [Re(py) 6]2 , and selected bond 
lengths and angles are shown in Figure 2-7. As shown in the structure, among the 
three pairs of mutually trans pyridine rings, the N(1)-N(2) pyridine rings take the 
smallest interplanar angle, 30.7°, compared to 70.5 and 89.9 0 for the other two pairs 
N(4)-N(6) and N(3)-N(5), respectively. These angles are significantly smaller than 
those in the complexes, [ReCl(py) 5 ]2 , trans- [ReC12(py)4] 1+  and mer-[ReC1 3(py) 3 }. The 
other four pyridine rings are tilted out of the plane described by N(3), N(4), N(5) and 
N(6) by 43.2, 37.9, 47.2 and 32.7° respectively. Similar steric orientations of pyridine 
rings can be found in other transition metal analogues such as [Os(py)6] 2 , 2 
[Ru(py)6]2 12  and [Hg(py)6]213 The exception to this arrangment is found for 
[Fe(py) 6]24 The average M—N bond distances in [M(py) 6]2 where M = Re, Os, Ru, 
Fe and Hg are 2.143, 2.113, 2.112, 2.258 and 2.457 A, respectively. The decrease in 
M—N distance going from Re to Os is in accord with their respective d 5 and d6 
electronic configurations. The Ru analogue also has a d 6 electronic configuration and 
we would therefore expect a similar M—N distance to the Os containing compound. 
This is indeed observed. However, the d 6 Fe analogue has significantly longer M—N 
bonds. The [Fe(py)6 ] 2 is high spin 14  and the iron centre has an electronic 
configuration (d7t) 4 , (dcy*)2.  The it interaction between the pyridine ligand and the 
metal centre will therefore be decreased compared the Ru and Os analogues and 
hence the M—N bond will be longer. The [Hg(py) 6 ] 2 ion also has very long M—N 
bonds. These long interactions result in an unstable compound which readily 
decomposes at room temperature. The large energy gap between the dic orbitals on 
the mercury and the ir  antibonding orbital on the pyridine ligands precludes efficient 
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it-bonding and the d' ° electronic configuration will not favour six strong a-bonds. The 
pyridine rings are arranged as in the Re, Os and Ru compounds. 
Figure 2-7 The crystal structure of [Re(py) 6 ]2 and the selected bond lengths (A) and 
angles (°). 
Re( I )-N( 1) 2.19(2) N(5)-Re(l)-N(6) 95.3(7) 
Re( 1 )-N(2) 2.07(2) N(2)-Re( I )-N(3) 87.8(8) 
Re( 1 )-N(3) 2.18(2) N(4)-Re( I )-N(3) 92.2(6) 
Re( I )-N(4) 2.12(2) N(5)-Re( I )-N(3) 177.7(7) 
Re(1)-N(5) 2.128(15) N(6)-Re(1)-N(3) 85.0(7) 
Re( I )-N(6) 2.17(2) N(2)-Re( 1 )-N(1) 178.0(8) 
N(2)-Re( I )-N(4) 94.6(7) N(4)-Re( 1 )-N( 1) 87.0(6) 
N(2)-Re( 1)-N(S) 89.9(7) N(5)-Re( I )-N( 1) 91.4(7) 
N(4)-Re( 1)-N(S) 87.7(7) N(6)-Re( I )-N( 1) 85.3(7) 
N(2)-Re( I )-N(6) 93.1(8) N(3)-Re( I )-N( 1) 90.9(7) 
N(4)-Re(1)-N(6) 171.8(8) 
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A comparison of the structural information given in Figures 2-1-6 reveals 
that oxidation of Rem  to Re results in a decrease in Re—Cl bond length and an 
increase in Re—N bond length. Since chloride is a ic-donor ligand, it is expected that 
the Re—Cl bond will be shorter for rhenium in a high oxidation state and conversely 
the Re—N bond will be shorter when the metal is in a low oxidation state as pyridine 
is a weak it-accepting ligand. Similar bond length trends are observed in other 
transition metal complexes containing only pyridine and chloride ligands (see Table 2-
2 and Figure 2-8). 
2.3.4 Correlation between Bond Lengths and the Number of d Electrons 
An inverse relationship between bond distance, of both M--CI and M—N bonds, 
and the number of d electrons on the metal centre can be seen for the transition metal 
complexes bound to only pyridine and chloride ligands for all three rows of the 
periodic table. A plot of metal d n  configuration versus M—Cl and M—N bond 
distance for the third row transition metal series is shown in Figure 2-8. Undoubtedly 
we would expect a general decrease in both M—Cl and M—N bonds in these 
complexes going across the row because of the increase in effective nuclear charge. 
However, the plot reveals that the M—Cl bond distance is much less sensitive to the 
number of d electrons on the metal than the M—N bond length. As the number of dit 
electrons on the metal increases we might expect the M—N bond distance to decrease 
since pyridine is a weak ic-accepting ligand. This is indeed observed for the analogous 
series of complexes [MC1 5 py] 1 (M—N, 2.153, 2.11, and 2.063 A for Re, Ir and Pt 
respectively) (see Table 2-2). The smaller change in M—Cl distance for the same 
series (2.343, 2.321 and 2.317 A for Re, Ir and Pt respectively) (see Table 2-2) may 
suggest that the metal-ci chloride contribution to the bond is of prime importance. 23 
There are only a limited amount of data available for second row transition metal 
complexes with pyridine and chloride ligands. However, the trend is the same here, 
for example, comparing trans-[TcCl2(py) 4] and trans- {RuCl 2(py) 4],24'25 the M—Cl 
bond decreases slightly from 2.407 to 2.4054 A whereas there is a significant decrease 
in the M—N bond from 2.104 to 2.079 A. Further examples of second row 
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Table 2-2. Average bond lengths (A) of mixed chloropyridine 
complexes of M" and M' 
complex M-Cl M-N reference 
t[ReC](py)2]' (III) 2.384 2.122 this work 
[ReC13(py) 3 ] (ifi) 2.380 2.118 this work 
2.377 2.118 1 
t[ReC1 2(py)4]' 	(III) 2.355 2.140 this work 
[ReCl 	]2+  (III) 2.347 2.150 this work 
t[OsC14(py)2] 	(Ell) 2.368 2.077 2 
m[0sC13(py)3 ] (III) 2.364 2.091 15 
t[IrCl4(py)2]' (III) 2.353 2.064 4 
t[MoC14(py)2]' (III) 2.427 2.195 16 
2.440 2.195 10 
t[MoC12(py)4]' (III) 2.407 2.215 16 
m[RhC13(py) 3 ] (III) 2.333 2.060 17 
t[RhC12(py)4]' 	(III) 2.331 2.060 3 
[ReC15 ] 2 (IV) 2.360 18, 19 
[ReCl5py]' (IV) 2.342 2.153 this work 
C[14(py)2 (IV) 2.334 2.154 this work 
C[05C14(py)] (IV) 2.314 2.115 2 
[PtCl5py] 	(IV) 2.317 2.063 20 
t[PtC14(py)2] (IV) 2.327 2.065 21 
[IrCl5py]' (IV) 2.321 2.110 4 
t 2.143 if the longest bond is excluded. c = cis, m = mer, t = trans. 
complexes are detailed in Table 2-2. For the first row transition metal complexes with 
pyridine and chloride ligands, the same trend is observed. However, the metal-
pyridine and metal-chloride bond lengths fall into two groups which belong to the 
earlier and later elements of the first row (Figure 2-9). The two groupings arise from 
the different electronic configurations which means that the latter transition metals 
adopt a high spin electronic configuration. For example, the iron (II) complex will 
have the (t2g)4(eg)2 configuration. Lack of data prevents further study of the 
importance of electronic configuration. A similar discontinuity is not observed for the 
third row series (compare Figures 2-8 and 9) because complexes containing third row 
transition metals will always have a low spin configuration. 
2.3.5 Orientation of the Pyridine Rings in the Complexes 
The orientation of a pyridine ring in a complex is affected by steric, electronic and 
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Ta 	W 	Re 	Os 	Ir 	Pt 
Figure 2-8 Plot of the average M—N bond distances (. for M" and v for M) and 
M--C1 bond length (. for M" and A for M) and the number of d electrons for 
chloro-pyridine third row transition metal compounds. Note: Data for Ta from 






1 	3 	5 	7 	9 
d 
Figure 2-9 Plot of the average bond distances of M—N (.), M—Cl (.) and the 
number of d electrons for chioro-pyridine first row transition metal compounds. Note: 
data for Ti, V and Cr from references 26, 27 and 28 respectively; data for Fe, Co and 
Ni were all from reference 23. 
packing factors. In order to minimise the repulsion between atoms on the pyridine ring 
and either another pyridine ring or chloride ligands, then the plane of the pyridine 
ring(s) must rotate out of the Cartesian planes containing the metal and nitrogen 
64 
CHAPTER 2 SYNTHESES AND CHARACTERISATION OF MIXED LIGAND CHLORO-PYRIDINE COMPLEXES OF 
RHENIUM. 17?eC1 6 (py),,f (n = 0 to 6) 
atoms. In the simplest case, the monopyridine complex, [ReCl5py] 1-,  the favoured 
dihedral angle of the pyridine ring with one of the three Cartesian planes will be 45° if 
steric considerations are most important. EHMO calculations confirm that this angle 
gives rise to the most stable complex. The variation of the total molecular energy with 
the dihedral angle is shown in Figure 2-10. In Figure 2-10, the two minimum values 
correspond to a dihedral angle of 45 and 135° respectively and the energy maximum 
occurs at 0 and 90°. An angle of 39.3° is obtained from its crystal structure as 
discussed previously and the minor deviation from 45° is probably due to packing 
effects. Maximum it-interactions between the pyridine ring and the metal diit orbitals 
will occur for a dihedral angle of 0 or 90°. However, we might expect only minor it-
effects for Re" and Re m, d3 and d4 electronic configurations respectively. Thus, for 









0 	50 	100 	150 	200 
Dihedral angle (°) 
Figure 2-10 Plot of total molecular energy (E, kJ/mol) versus the orientation of the 
pyridine ring for the species [ReCl 5py] 2 . 
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The same reasoning as for the monopyridine complex, can be applied to the 
disubstituted complex, trans-[ReCL(py)2]'. The most sterically favoured orientation 
of the two pyridine rings is that of the two rings perpendicular to each other bisecting 
the xy plane by 45°, assuming that the two Re—N bonds lie along the z axis. Results 
of EHMO calculations show that the most stable orientation of the pyridine rings is as 
shown in Scheme 2-2 (orientation E). In Scheme 2-2, several orientations of the 
complex and corresponding energies are presented, in which the xy-plane is taken as 
perpendicular to the paper plane. Again, the highest energy is found for the 
orientation in which the two pyridine rings are coplanar with xz-plane (A) and the 
lowest energy formed for the orientation in which the two pyridine rings bisect the 
dihedral angle formed by the xz- and yz-planes. Whether the planes of the two 
pyridine rings themselves are coplanar or perpendicular to one another does not make 
a significant difference to the overall energy of the complex (see A and B, D and E in 
Scheme 2-2). However, the energy is slightly lower when the two pyridine rings are 
perpendicular to one another. In the crystal structure for the complex, trans-
[ReC14(py)2]', obtained from single crystal X-ray diffraction studies, the two pyridine 
rings are indeed perfectly coplanar and bisect the dihedral angle formed by the two 
planes containing two diagonal chloride ligands of the four equatorial chloride ligands 
by 40.8°. We presume that the coplanar arrangement of the pyridine rings (orientation 
D in Scheme 2-2) in the single crystal is a direct consequence of packing effects. In 
other transition metal analogues, trans - [MC14(PY)21', where M = Os,2 Mo,
10
' 16 Jr , 4 and 
Ta, 22 the two pyridine rings take the same orientation as for the rhenium complex. 
By the same reasoning as discussed above for the complexes, [ReCl 5py] 1 and trans-
[ReC14(py)2] 1 , steric effects must dominate over electronic effects in all other 
structures studied since the pyridine rings in the other complexes are all rotated out of 
the Cartesian planes to some extent (Figures 2-3 to 7). It is noteworthy that for the 
complex, hexapyridinerhenium, [Re(py) 6 ]2 , the modelled structure (Figure 2-11) 
arising from energy optimisation EHMO studies is similar to the crystal structure 
obtained from single crystal X-ray diffraction studies. The three trans pairs of pyridine 
rings have interplanar angles of 86.17, 56.90 and 48.4 1° in the modelled structure, 
compared to 89.9°, 70.5 and 30.7° for the observed structure (see Figure 2-7). 
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Molecular energy for A, 29.5 kJ mol 4 
Molecular energy for B, 28.9 kJ mot 1 
Molecular energy for C, -60.9 kJ mor' 
Molecular energy for D, -152.2 kJ molT' 
Molecular energy for E, -158.7 Id molT' 
L 
Scheme 2-2 The total molecular energy of the species, trans-[ReC1 4(py) 2]', for 
various orientations of the pyridine rings. 
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Moreover, the arrangement of the six pyridine rings in the modelled structure (Figure 
2-11) are propeller-like as observed in Figure 2-7. Amongst the structures of those six 
pyridine complexes reported, [M(py) 6]2 , where M = Re, Os,2 Ru,' 2 Hg" and Fe, 
14 
only the iron complex, [Fe(py) 6]2 , is an exception. In this complex the three trans 
Figure 2-11 Modelled structure for the complex, [Re(py) 6 ]2 , from EHN'IO 
calculations and the selected calculated bond lengths (A) are as follows, 
Re-N(A) 2.0840 	Re-N(B) 2.0838 
Re-N(C) 2.0686 Re-N(D) 2.0826 
Re-N(E) 2.0689 	Re-N(F) 2.0824 
pairs of pyridine rings lie in three mutually perpendicular planes. The longer average 
Fe—N bond length (2.258A) than that found in the Re, Os and Ru analogues (2.143, 
2.113 and 2.112 A, respectively) may contribute to the particular arrangement of the 
six pyridine rings. However, in the Hg analogue, the average metal-nitrogen bond 
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length is much longer than in the iron complex and the Hg complex still takes the 
propeller-like orientation as for the Re, Os and Ru analogues. Furthermore, the total 
molecular energy determined form EHIvIO calculations using the bond lengths 
obtained from X-ray diffraction studies is much higher for the coplanar trans pyridine 
rings than other any ring arrangements. In other words, the favoured ring orientation 
for hexapyridine complex is the propeller-like arrangement as determined for 
[Re(py)6] 2  (see Figure 2-7) irrespective of M—N bond length. The anomalous iron 
structure may arise from the counter ion in the complex which was an iron tetramer 
anion, [Fe4(CO) 13 ] 2 , which may play a role in the formation of the unique ring 
orientation. 
2.4 Conclusions 
Successive reduction-induced substitution of chloride ligands from the complex, 
[ReC16]2 , by pyridine ligands leads to the formation of a series of binary complexes, 
[ReCk .n(py)n]z .  Up to and including n = 3, the complexes are made electrochemically. 
Further substitution of chloride ligands needs a stronger reaction driving force to 
afford tetra-, penta- and hexapyridinerhenium complexes. The ease of substitution of 
the chloride ligands not only depends on stoichiometry, but also on the metal centre. 
For the binary chloride-pyridine complexes of osmium, more severe reaction 
conditions are required . 2 However, compared to the analogues of rhenium and 
osmium, the reaction conditions for the formation of trans-[MoCl 4(py)2]' from 
[M0C16 ] 2 are much milder. 
The results of EHMO calculations indicate that steric effects have the strongest 
influence on the structure of the complexes. In the series of complexes studied, we 
have found no example of a pyridine ring coplanar with any of the three Cartesian 
planes, which would be the electronically favoured orientation if it-interactions 
between the metal-based dit orbitals and the 1t*orbitals  on the pyridine rings was of 
prime importance. However, it-interactions are important as evidenced by the short 
Re—N bonds for low oxidation state of Re compared to the high oxidation state 
structure. Further evidence of the importance of it-interactions comes from their rich 
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and intense charge transfer bands in the electronic spectra observed for low oxidation 
states where the charge transfer process between the rhenium and chloride ligands is 
impossible (see Chapter 4). 
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CHAPTER THREE 
ELECTROCHEMICAL STUDIES OF THE 
COMPLEXES, [ReC16..n(py)n]z  (where n = 0 to 6) 
72 
CHAPTER 3 ELECTROCHEMICAL STUDIES OF THE COMPLEXES, [ReCl(py),,f 
3.1 Introduction 
Electrochemical studies of rhenium containing complexes have recently been 
summarised by Lever' in an application of his newly developed ligand additivity 
model .2  More than 100 rhenium containing complexes, in which the metal-based 
redox couple was Re"", Re' or Re", provided plenty of electrochemical data to 
rationalise the universal validity of Lever's ligand additivity model. However, amongst 
these complex, there was no extended series of binary ligand compounds such as 
[ReCl6n(py)n]Z (n = 0 to 6) investigated. The particular interest of this type of 
complexes is that the two classic ligands have opposite electronic properties in terms 
of it-interaction with the rhenium metal centre, i.e., the chloride is a it-donor ligand 
and the pyridine is a weak it-acceptor ligand. Progressive substitution of one ligand 
type by the other leads to a series of complexes as described in Chapter 2. Because of 
the additive property of ligand effects on a metal centre, which is the common base 
for the development of a variety of ligand additivity models including Lever's model, 
the electrochemical half-wave potentials of this series of compounds should vary 
steadily with each substitution. It is well-known that half-wave potentials reflect the 
energy of the metal-based frontier orbital, the HOMO, in a transition metal complex 
(see Chapter 1 for more details). Therefore, electrochemical studies of the series of 
complexes [ReCl6..(py)]Z provide an unique opportunity to probe the electronic 
structure of the metal-based frontier orbitals, namely the three dic-based orbitals, of 
the rhenium metal core after coordination. 
Prior to Lever's ligand additivity model, Bursten developed a ligand additivity model 
for carbonyl containing complexes.' The most outstanding feature of Bursten's ligand 
additivity model is that isomeric effects can be effectively corrected for and the 
difference in half-wave potential for isomeric pairs has been convincingly explained in 
terms of the it interaction between the dit orbitals of the metal centre and the ire -. 
orbitals on the ligands. This isomeric correction was employed for some carbonyl 
containing complexes in Lever's model. 2 However, compared to Lever's model which 
has been successfully applied to a vast range of transition metal compounds, 1,2 
Bursten's model has only been applied to limited carbonyl containing compounds with 
d' and d6 electron configurations. 1,4  Furthermore, Bursten's model does not indicate 
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how the isomeric correction works when a complex contains more than one redox 
process (see Chapter 1 for more details). There are no electrochemical data available 
in the literature which can clarify the importance of isomeric form on the metal-based 
half-wave potential. 
Most of the complexes in the series of mixed chloro-pyridine rhenium complexes 
exhibit a tremendously rich electrochemistry in acetonitrile, spanning three redox 
couples, Rem, Re and Re"". Note that the Re"""5 couple for [ReC1 6] 2' is not 
reversible at room temperature (vide infra). In this chapter, we will report on the 
electrochemical studies of the complexes, [ReCl6n(py)n]z,  in the organic solvents 
dichloromethane, pyridine and acetonitrile, and employment of the electrochemical 
data in the two ligand additivity models mentioned above. 
3.2 Results and Discussion 
3.2.1 Electrochemistry of the Complex, IReC1 61 2 
The hexachiororhenate complex exhibits two one-electron redox processes,' Re' + e-
-> Re"' and Re" - e —* Re"', in 0.5M [N"Bu4][BF4]/dichloromethane. Similar 
responses have been noted for other transition metal hexachlorides, e.g., Os, Ir, Mo, 
Ru. 57 Figure 3-1 shows the cyclic voltammetric behaviour of the complex in 0.5M 
[N'Bu4][BF4]/dichloromethane at room temperature. As can be seen in Figure 3-1, a 
reversible oxidation process is observed at 1.33 V whereas the reduction process at 
-1.12 V exhibits a very different response. Compared to the one-electron reduction at 
-0.56 V (230 K) for the osmium analogue , 7 the reduction potential for the rhenium 
complex is much more negative, presumably due to the increase in nuclear charge on 
the osmium metal centre compared to the rhenium centre which will result in an 
increase in electron affinity. However, there is no significant difference in half-wave 
potential between the two metals for the oxidation process. This may imply that 
removal of an electron from the metal centre means that the electronic character of 
t A second oxidation process is claimed to have been observed at 2.35 V (vs. SCE) in 0.35M 
[WBu4 ] [PF6]/dichloromethane at 238 K.' We could not observe this process under any experimental 
conditions used in this study. 
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the highest occupied metal-based molecular orbital is primarily governed by the it-
back-bonding from the chloride ligand to the metal. 
-2.00 -1.50 -1.00 -0.50 	0 	0.50 1.00 1.50 2.00 
E(V, vs. AgCl/Ag) 
Figure 3-1 Cyclic voltammogram of the complex [ReC1 6 ]2 in 
0.5M [NBu4][BF4]/dichloromethane at room temperature. 
A close look at the one electron reduction process shown in Figure 3-1, reveals that 
the process is not only irreversible, but also has an extraordinarily high amplitude. 
Recently, Yellowlees and co-workers have found that the reduction process of 
[ReC15 ]2 in a chlorinated solvent such as CH 202 is coupled with a rapid, solvent-
related chemical reaction forming a catalytic process." Upon reduction, the resulting 
species [ReC1 6]3 is extremely unstable and rapidly forms the five-coordinate 
intermediate, [ReC1 5 ]2 , by loss of one chloride ligand. This extremely reactive 
intermediate abstracts one chlorine atom from any chlorinated solvent to yield the 
starting complex species [ReCI 6]2 and a solvent-related radical, e.g., CH2C1 from 
which C1CH2CH2C1 molecules are formed in dichioromethane. 
However, in ionic liquid molten salt such as 49.0/51.0 mol % ALC1 3-MeEtimCl 
where MeEtimCl is 1 -methyl-3 -ethyl-imidazolium chloride, the reversibility of the 
reduction process, Re" + e —* Rem, is dramatically improved using a glassy-carbon 
electrode. 9 Similarly, the same improvement in the reversibility of the reduction 
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process 	is 	observed 	in 	the 	solution, 	1-methyl-3-n-octyl-imidazolium 
hexafluophosphate/dichioromethane, which permits in situ spectroelectrochemical 
studies of the reduction process at low temperature (see Chapter 4 for more details). 
The ionic liquid plays a critical role in the improvement of the reversibility. In fact, 
these ionic liquids can be regarded a kind of ionic surfactant, which forms micellae in 
either aqueous or organic solution. The micellae provided by the positively charged 
ionic liquid can accommodate the negatively charged reduced and highly reactive 
species [ReC16]3 , which reduces the mobility of the species and therefore the 
reactivity of the species is retarded. The inability of the ionic liquid electrolyteof 
forming ionic pair with Cl - compared to tetrabutylammonium may be another cause 





-2.00 	-1.75 	-1.50 	-1.25 	-1.00 	-0.75 	-0.50 
E(V, vs. AgC1/Ag) 
Figure 3-2 Cyclic voltammogram of the complex [ReC1 6] 2 in 
0.1M [NBu4][BF4]/pyridine at room temperature. 
In either coordinating solvents, such as pyridine and acetonitrile, or at low 
temperature in a chlorinated solvent the catalytic mechanism is suppressed completely. 
At low temperature, the reduction process is fully reversible on the time scale of a 
conventional cyclic voltammagram. 5 In pyridine, the one-electron reduction process is 
irreversible at room temperature and the reactive five-coordinate intermediate 
[ReC1 5 ]2 reacts with the solvent to form the electroactive daughter product 
[ReCl5py]2 . The electrochemical response of the [ReC1 6]2 in pyridine is shown in 
76 
CHAPTER 3 ELECTROCHEMICAL STUDIES OF THE COMPLEXES, [ReCl..(py),,]' 
Figure 3-2 (see previous page). Wave I is the one-electron reduction of [ReCI 6]2 to 
give [ReCI6]3 which undergoes a rapid following reaction. Thus the return peak of 
wave I which would correspond to [ReCL5] 3  to [ReCL5] 2  is absent. Wave H in Figure 
3-2 corresponds to the redox chemistry of [ReCl5py] 1-12 . The reaction which leads to 
the formation of the daughter product is an example of a reduction-induced 
substitution reaction. It is this type of reduction-induced replacement reaction which 
is employed to synthesise several members of the series of complexes {ReCIn(py)n}z 
(see Chapter 2 for more details). 
3.2.2 Electrochemistry of the Complex, [ReCl 5pyl 1 
The electrochemical response of the monosubstituted complex [ReCl 5py]' in both 
acetonitrile and dichioromethanet  shows two redox processes which are similar to 
those of the hexachiororhenate, [ReCL5]2, Re" + e -+ Rem and - e -+ Re". 
Figure 3-3 shows the cyclic voltammetric response of [ReCl 5py] 1 in 0. 1M 
-1.50 -1.00 -0.50 0 	0.50 1.00 1.50 2.00 2.50 
E(V, vs. AgCIIAg) 
Figure 3-3 Cyclic voltammogram of the complex [ReCl 5py] 1 
in 0. 1M [NBu4[131741/acetonitrile at room temperature. 
[N'1Bu4][BF4]/acetonitrile solution. As can be seen in Figure 3-3, both the one- 
t The cyclic voltammogram of the [ReCl5py] 1  in 0. 5M [N"Bu4] [BF4]/dichloromethane is presented 
in Chapter 5. 
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electron reduction corresponding to the process [ReCl5py] 1 + 	[ReCl5py] 2' and 
the oxidation process, [ReCl 5py]' - e -+ [ReCl5py] at -0.48 and 1.79 V respectively 
are fully reversible. In pyridine, the reversible reduction process occurs at -0.68 V 
whereas the oxidation process is masked by the break-down of the solvent. In 0.5M 
[N'Bu4][BF4]/dichloromethane, the reduction process at -0.54 V is like those 
previously described in acetonitrile and pyridine. However, the oxidation process at 
1.71 V is irreversible at room temperature. Note that the shift in half-wave potentials 
in different solvents is primarily caused by the junction potential between the reference 
electrode system and the solvents. We are confident that this is the cause of the 
electrode potential shifts because the potential difference between the reduction and 
oxidation processes is relatively constant, 2.27 and 2.25 V in acetonitrile and 
dichloromethane respectively. The cause of the change in reversibility of the 
[ReCl5py] 1-12-  in acetonitrile and dichloromethane may presumably be caused by the 
difference in solvation around the electron "thirsty" oxidised Re's' centre by the polar 
and non-coordinating solvents, acetonitrile and dichioromethane respectively. The 
reversibility of the oxidation process at low temperature, e.g., 258 K, can be greatly 
improved which then permits in situ electrochemical studies in dichloromethane (see 
Chapter 4). 
The significant differences between the electrochemical behaviours of [ReC1 6 ]2 and 
[ReCl 5py]' are that, firstly, the one-electron reduction couple, which may be 
considered primarily as a Re 4u based process, is fully reversible even on the time 
scale of bulk electrolysis and secondly, the half-wave potentials for both the reduction 
and oxidation processes shift to more positive values for [ReCl 5py] compared to 
[ReC16]2 . A similar shift in potentials was also observed for the osmium analogues 
[OsC16]2 and [OsC15py]. 7 The improvement in reversibility makes it possible to 
perform in situ electrolysis to examine the effect of removing or adding an electron 
from/to the complex on the charge transfer spectra (see Chapter 4). 
Upon the substitution of one chloride ligand by one pyridine ligand in the complex 
[ReC16]2 , the coordination environment around the metal centre greatly alters because 
the chloride ligand is a it-donor whereas the pyridine is a weak it-acceptor ligand. 
Therefore, the replacement will reduce the electron density on the metal-based 
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HOMO and hence the energy of the HOMO is lowered. According to the relationship 
between the potential of an electroactive species and the energy of the relevant 
molecular orbital which is involved in the charge transfer between the species and the 
electrode as shown in Scheme 1-1, we can instantly conclude that the reduction 
process, Re" couple, should be easier, and the oxidation process, Rev", should be 
harder for [ReCl 5py]' than the analogous processes of the complex [ReC1 6]2 . These 
are indeed what have been observed experimentally. Note that in [ReCl 5py] 1 , the 
three dir orbitals, with a d 3 electron configuration in C 41  symmetry, will split into two 
subsets, b2 (d,)'> e (d,, d) 2 . The oxidation process then involves the half-filled b2 
orbital and the reduction process involves the half-filled e set of orbitals. Thus the 
molecular orbitals involved in the redox processes are both semi-occupied. 
Since pyridine is a weak it-ligand, the reduced species [ReCI 5py]2 produced in 
bulk electrolysis in pyridine is not stable. At room temperature, a second pyridine 
ligand will coordinate to the metal core through loss of a further chloride ligand 
resulting in the formation of a mixture of trans- and cis-[ReCL 4(py) 2]'. The second 
substitution can be hindered by decreasing the temperature of the solution, e.g., at 
258 K. However, on the cyclic voltammetric time scale, the Re" redox couple 
appears reversible even at room temperature. 
3.2.3 Electrochemistry of the Complexes, trans- and cis-[ReCI 4(py)21' 
The second substitution of a chloride ligand by another pyridine ligand from the 
complex [ReCl 5py]' leads to the formation of the pair of isomers, trans- and cis-
[ReC14(py) 2]", as described in Chapter 2. From the discussion in Chapter 2, we noted 
that the pair of isomers have different physical properties, e.g., solubility and the 
frequency of IR absorptions originating from the deformation of the pyridine rings. It 
is therefore unsurprising that the two complexes exhibit different electrochemical 
behaviours. Compared to the monosubstituted complex the trans- and cis-
[ReC14(py) 2] 1 complexes exhibit the half-wave potentials for all redox processes 
shifted to more positive values (see Table 3-1). Thus the oxidation process of the 
Re"' couple is out of the available electrochemical window in both acetonitrile and 
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dichioromethane, that is, the half-wave potential is above +2 V, while a new reduction 
process, Re' 1' + & -f Re" may now be observed at around -1.60 V. 
Figures 3-4a and 3-4b show the cyclic voltammograms of the two complexes, trans-
[ReC14(py)2]' and cis-[ReCl4(py)2] 1-,  respectively, in 0.1M [NBu4] [BF4]/acetonitrile. 
Both complexes exhibit two redox processes either in acetonitrile or in pyridine which 
correspond to the reduction step, Re + e -* Re", and an oxidation process, Re - e -
-> Re". In acetonitrile, the reduction process of the complex trans- [ReCL(py)2]' 
Table 3-1. Electrochemical data for the complexes, [R eCl6n(py)n]z (n = 0 to 6) 
n Re" Re" Re' Rev"v 
Si 	S2 S3 Si 	S2 	S3 Si 	S2 S3 S2 	S3 
0 -1.12 1.33 1.34 
1 -0.68 	-0.48 -0.54 1.79 	1.71 
-1.62 	-1.58 -0.11 	-0.04 
2c -1.49 	-1.45 -0.11 	-0.08 
3m -1.79 	-1.76 -1.73 -1.07 	-1.07 	-1.01 0.45 	0.46 0.53 
4 -1.38 	-1.38 -1.31 -0.64 	-0.70 	-0.63 0.98 1.10 
5 -0.89 	-0.95 -0.87 -0.14 	-0.19 	-0.07 1.43 1.48 
6 -0.54 	-0.64 -0.49 0.32 	0.25 	0.39 1.94 
t = trans, c = cis, m = mer, Si = pyridine, S2 = acetomtrile and S3 = dichioromethane. 
occurs at -1.58 V and the oxidation at -0.04 V whereas in pyridine, the half-wave 
potentials for both the reduction and the oxidation processes shift slightly to negative 
values at -1.62 and -0.11 V. This apparent solvent dependence is probably, once 
again, caused by the reference electrode junction potential. For the complex cis-
[ReC14(py)2] 1,  the half-wave potential for the Re" couple is more positive than that 
of the analogous process of the complex trans-[ReC1 4(py)2]' in both solvents, at -1.45 
and -1.49 V in acetonitrile and pyridine respectively. However, for the oxidation 
process, there is no significant difference between the two isomers either in 
acetonitrile or in pyridine, which is not expected according to Bursten's ligand 
additivity model.' The electrochemistry in dichloromethane has not been presented for 
the two complexes. The main reason for this is that the Re"' reduction process for 
the two complexes is masked by the electrochemical break-down of the solvent. 
Isomeric effects on half-wave potentials have been widely observed in the 
literature. 10-18  Usually, cis isomers have more positive half-wave potentials than the 
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-2.00 	-1.50 	-1.00 	-0.50 	0 	0.50 
E(V, vs. AgCl/Ag) 
Figure 3-4a Cyclic voltammogram of the complex trans-[ReCI4(py) 2]' in 
0. 1M [NBu4] [BF4]/acetonitrile at room temperature 
-1.75 -1.50 -1.25 -1.00 -0.75 -0.50 -0.25 	0 	0.25 
E(V, vs. AgC1/Ag) 
Figure 3-4b Cyclic voltammogram of the complex cis-[ReCI4(py) 2] 
in 0.1 M [NBu4] [BF4]/acetonitrile at room temperature. 
analogous trans isomers, which indicates that for a redox couple 	the 
reduced form MZ+  is more stable in the cis isomeric form than in the analogous trans 
isomer, and conversely, the oxidised form Mz+/ 	in the trans isomer is more stable 
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than that in the cis isomer. In order to explain the differences in half-wave potentials 
of isomeric pairs, a qualitative bonding scheme (see Scheme 1-2 in Chapter 1) was 
proposed by Wimmer et al.' 1 Based on this scheme Bursten 3 proposed his ligand 
additivity model by quantifying the bonding scheme in order to predict the oxidation 
potentials for a series of binary carbonyl containing compounds of manganese with a 
d6 electronic configuration, [Mn(CO)(CNCH 3)6..] ', (see Scheme 1-3 in Chapter 
1). According to the bonding scheme, when n = 2, the metal-based highest-occupied 
molecular orbitals are the degenerate d, and d, pair in the cis isomer which is 
considered to have local C 2,, symmetry. These orbitals interacts with one carbonyl 
ligand which is a better it-acceptor ligand than the isonitrile ligands. Whereas the 
HOMO in the trans isomer (which has local D4h  symmetry) is the metal-based d, 
orbital which interacts with no carbonyl ligands. Therefore, the HOMO in the trans 
isomer lies at higher energy compared to the HOMO in the cis isomer. Consequently, 
the oxidation potential for the cis isomer must be higher than that for the trans isomer 
which is indeed the case observed experimentally. 
Since the difference in half-wave potentials for the pair of isomers is caused by it-
back bonding interactions, Bursten's bonding scheme should have universal 
applicability and can be applied to other binary ligand transition metal complexes as 
long as the two types of ligands are significantly different in the it-back bonding 
capability. There is no doubt that the chloride and pyridine ligands comply with this 
requirement and hence a more negative value of the half-wave potential for the 
reduction process of the trans-[ReCl 4(py)21 compared to that for analogous 
process of the cis isomer is expected. This is exactly what is observed experimentally. 
However, as indicated earlier, the values of the half-wave potentials for the oxidation 
process, Re al - e —> Re'v, show no significant differences between the two isomers. It 
seems surprising that the it-back bonding explanation responsible for the different 
half-wave potentials of the reduction process of the two isomers does not hold for the 
oxidation process. But further consideration of the electronic interactions between the 
metal and the ligands reveals that for the metal centre in oxidation state IV the metal-
ligand interactions will be dominated by their-bonding between the metal centre and 
the chloride ligands rather than then-bonding between the metal core and the pyridine 
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ligands which prevails when the metal centre is in a low oxidation state. The UV/Vis 
spectra for the series of complexes [R eCl6..n(çy)n]z containing the Re(IV) oxidation 
state are dominated by both intra-ligand transitions and Cl - (it) —> Re" (dir) charge 
transfer transitions which support the above argument (see Chapter 4). If our 
argument is correct, that is, for metal centres in high oxidation states, interactions 
between the metal and it-donor ligands dominate the electronic character of the 
complex whereas in low oxidation state compounds the metal it-acceptor interactions 
are important, then it follows that the half-wave potentials of the oxidation processes 
for the two isomers containing rhenium in a high oxidation state, Re(IV) and higher, 
should be reversed compared to the order in Re(III) containing compounds. In detail, 
then, the cis-[ReCl4(py) 2]0" should have a lower half-wave potential than the trans 
analogue. In acetonitrile, the half-wave potential is measured at -0.08 V for the Re"' 
couple of the cis isomer, which is indeed lower than -0.04 V, the half-wave potential 
for the trans isomer. 
Similar results were obtained for the osmium analogues, trans- [OsCi4(py) 2]' and cis-
[OsC14(py)2] 1 . 7 The trans isomer exhibits three redox processes at -1.16, 0.54 and 
2.35 V for the Os', Os''  and Os 	couples. The reduction process for the Os 
couple of the cis isomer occurs at a more positive value, -0.98 V, while the half-wave 
potentials for the other redox processes are the same as those above for the trans 
isomer. 
2,2'-bipyridine is a well-known bidentate ligand. The binding sites provided by the 
bipyridine ligand can be regarded as being similar to the binding sites provided by two 
pyridine ligands. In the studies of ligand additivity, the bipyridine ligand was treated 
exactly in this way and is generally in good agreement with experimental observation, 
e.g., in Lever's model, the value of EL for half  bipyridine ligand is 0.259 V whereas 
that value for a pyridine ligand is 0.25 V. 2 Furthermore in an attempt to extend Chatt's 
ligand parameter PL (see Chapter 1 for more details) to bidentate ligands, Datta 
concluded that P 2 P,.' 9 
It is interesting, therefore, to make a comparison between the electrochemical 
behaviour of the complex cis-[ReC1 4(py) 2] 1 and that of the bipyridine analogue. 
Indeed, the electrochemical response of the complex [ReC1 4(bpy)] exhibits two redox 
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processes, involving the Re'vm and Rem  couples at -0.08 and -1.30 V respectively in 
a DMF-acetonitrile system, 20  which compare favourably to -0.08 and -1.45 V for the 
analogous redox processes of the complex cis-[ReCl 4(py)2]' in acetonitrile. However, 
there is a significant difference between the half-wave potentials for the Re couple 
between the two complexes. The more positive value for the Re m redox process in 
the bipyridine complex indicates that the low oxidation state Re" is better stabilised in 
this complex than in the pyridine analogue. In other words, the bipyridine ligand is a 
better it-accepting ligand than the pyridine ligand. This is really not surprising since 
the two pyridyl rings in the bipyridine ligand form a more delocalised conjugated 
system than two isolated pyridine ligands. The coincidence in half-wave potentials for 
the Re'v'm couple for the pyridine and bipyridine complexes may be rationalised as 
previously, namely that in the high oxidation states the it-bonding between the metal 
centre and the chloride ligands is of prime importance. 
3.2.4 Electrochemistry of the Complex, mer-[ReCI 3(py)31 
As we might have expected, further substitution of a chloride ligand by a pyridine 
ligand shifts the half-wave potentials of the redox processes, Re lm and Re', from 
-0.04 and -1.58 V in the complex trans- [ReC14(py)2]' to 0.46 and -1.07 V in the 
trisubstituted complex mer-[ReCI 3(py) 3 }. The positive shift of the electrode processes 
permits observation of third reduction process, the Re m couple, at -1.76 V in 0.1M 
[NBu4][13174]/acetonitrile. The three fully reversible redox processes in 0.1M 
[NBu4][BF4]/acetonitrile are well demonstrated in Figure 3-5. The half-wave 
potentials for the three redox processes, Rem,  Re' and Re, in 0.1M 
[NBu4][BF4]/pyridine are similar to those in acetonitrile being measured at 0.45, 
-1.07 and -1.79 V, respectively. However, in 0.5M [N'Bu 4][BF4]/dichloromethane, 
the three half-wave potentials are observed at 0.53, -1.01 and -1.73 V which are 
slightly different from these in both acetonitrile and pyridine, presumably due to 
junction potential effects. Note that in the dichloromethane, the reduction process, 
Re, is severely distorted because of the solvent break-down. 
Since pyridine is a weak it-acceptor, the increase in the number of it-acceptor ligands 
and the decrease in it-donor ligands around the rhenium centre in [ReC1 3(py) 3 ] 
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compared to [ReC14(py)2] 1 will alter the energies of the frontier orbitals. The energy 
of the semi-occupied molecular orbitals will be lowered and accordingly the reduced 
form will be stabilised. A direct consequence of the decrease in energy of these 
orbitals is the observation of the Re couple. 
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E(V, vs. AgCl/Ag) 
Figure 3-5 Cyclic voltammogram of the complex mer-[ReC1 3(py) 3 ] 
in 0.1 M [NBu4] [BF4]/acetonitrile at room temperature. 
According to Bursten's model, thefac isomer should be harder to oxidise than the 
mer isomer since the HOMO in the former is stabilised through interactions with it-
acceptor ligands more than in the latter. It is a pity that there is no electrochemical 
data available for thefac isomer as we have been unable to synthesise this isomer. We 
have also been unable to prepare the analogous osmium complex. 7 Even in the 
literature, there are few examples available for detailed electrochemical study. Only 
some carbonyl compounds have been investigated, e.g., 1.90 V and 1.73 V (vs. SCE) 
forfac-[Mn(CO) 3(CNMe) 3 J21 and mer_[Mn(CO)3(CNMe)3]2+11+,l0  2.12 V and 1.98 
V (vs. SCE) for fac-[Mn(CO) 3(CNPh)3]2 " and mer-[Mn(CO)3(CNPh)3 ]2 ", 16 and 
0.50 V and 0.36 V (vs. SCE) for fac-[Cr(CO)3(CNMe) 3 ]21 and mer-
[Cr(CO)3(CNMe)3]21 . 21 The difficulties in makingfac isomers may mainly be due to 
steric effects. However from the limited number of examples available the order in 
potentials between the pair of isomers is indeed as predicted by Bursten's model. 
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However, how the half-wave potentials compare for high oxidation state couples is 
still unknown because of a lack of electrochemical data. 
3.2.5 Electrochemistry of the Complex, trans-IIReCL 2(py) 41' 
The dark red crystalline complex trans- [ReC12(py)4] 1+  exhibits three fully reversible 
redox processes in both acetonitrile and dichloromethane as observed for the 
trispyridine complex described above with father positive shifts in potentials due to 
the substitution of a further chloride ligand by a pyridine ligand. Figure 3-6 presents 
the cyclic voltammogram of the complex in 0. 1M [NBu 4][BF4]/acetonitrile. As can 
be seen in Figure 3-6, the three redox processes, involving the ReiWifi,  Re"" and Re t" 
redox couples, occur at 0.98, -0.70 and -1.38 V, respectively. The oxidation process 
Re"" is masked in pyridine by the break-down of the solvent whereas the half-wave 
potentials for the other two redox processes are close to those in acetonitrile at -0.64 
and -1.38 V, respectively. 
-2.00 -1.50 -1.00 -0.50 	0 	0.50 1.00 1.50 
E(V, vs. AgC1IAg) 
Figure 3-6 Cyclic voltammogram of the complex trans-[ReCl2(py) 4]' 
in 0.1 M [NBu4] [BF4]/acetonitrile at room temperature. 
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Like the disubstituted complexes, the tetrapyridine rhenium complex has a pair of 
isomers, i.e., trans- [ReCl2(y)4] 1 and cis-[ReC1 2(py)4]'. According to the bonding 
scheme adopted by Bursten in the development of his ligand additivity model, the 
HOMO in both isomers are stabilised by the same number of it-acceptor ligands. 
Therefore, the model predicts that the two isomers should have the same half-wave 
potentials. Again, it is unfortunate that we have been unable to prepare the other 
member of the isomeric pair cis-[ReCl 2(py)4] Surprisingly, even in the literature, 
there does not seem to be any examples for this type of binary complexes, [MLLI 6n]Z, 
where L is a better it-acceptor ligand than L', to confirm the predictions made by 
Bursten's model. 
3.2.6 Electrochemistry of the Complex, [ReCI(py)51 2 
As discussed in Chapter 2, unlike the complex trans-[ReCl2(py)4] 1 which can be 
metathesised in aqueous solution from the chloride salt to the tetrafluoborate salt, the 
complex [ReCl(py) 5 ]2 decomposes under such a treatment losing the pyridine ligand 
trans to the chloride to give trans- [ReCl 2(py)4}'. However, the brown complex 
[ReCl(py) 5 ]2 does exhibit three reversible redox processes in both acetonitrile and 
dichioromethane, as described for the complex trans-[ReCl2(py)4] 1 . The half-wave 
potentials for the three redox couples of [ReCl(py) 5 ]2 shift in a positive direction 
because one further pyridine ligand has replaced a chloride ligand compared to the 
tetrapyridine complex. In pyridine, only two redox processes are observed due to 
solvent break-down obscuring the ReI  couple. 
The cyclic voltammogram of [ReCl(py) 5 ]2 in 0. 1M [N'Bu4][BF4]/acetonitrile is 
shown in Figure 3-7. As seen in this figure, the three redox processes are fully 
reversible at 1.43, -0.19 and -0.95 V. The positive shift of the potentials in 
dichioromethane is also observed here as observed previously for other complexes. 
Due to the trans effect, the chloride ligand and the pyridine ligand which is trans to 
the chloride ligand are more labile than the other four pyridine ligands and hence the 
reversibility for the three redox processes at room temperature is not satisfactory on 
the time scale of bulk electrolysis. However, at low temperature, the three redox 
couples are fully reversible on the time scale of a bulk electrolysis experiment, which 
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Figure 3-7 Cyclic voltammogram of the complex [ReCl(py)5] 2 
in 0. 1M [NBu4] [BF4]/acetonitrile at room temperature. 
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Figure 3-8 Alternating current voltammogram of the complex [ReCl(py) 5 ]2 
in 0. 1M [NBu4] [BF4]/acetonitrile at room temperature. 
permits their spectroelectrochemical study (see Chapter 4). A close inspection of the 
cyclic voltammogram of [ReCl(py)5] 2 , reveals that at the left side of any of the three 
redox processes, there is a much smaller redox wave. The redox potentials of these 
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three small bumps suggests that the complex trans- [ReCl2(py) 4]' is also present in the 
solution. An comparison of peak heights of the the two species using alternating 
current voltammetry (see Figure 3-8) indicates that the contribution from the impurity 
is Ca. 5%. 
3.2.7 Electrochemistry of the Complex, IRe(py)61 2 
The last member of the series [Re(py) 6
]2 
 gives the most positive half-wave 
potentials for the three redox processes, Re' and Re m, at 1.94, 0.25 and 
-0.64 V in 0. 1M [NBu4][BF4]/acetonitrile (see Figure 3-9) respectively compared to 
the analogous redox processes in the complexes [ReCl6n(py)n]z  (n = 3, 4 and 5, and 
accordingly z = 0, 1 and 2). The reason for the positive shift is straightforward as has 
been discussed previously. In both pyridine and dichioromethane, the redox couple 
Re" is not observed due to the limitation of the electrochemical window of the two 
solvents. The half-wave potentials for the other two redox processes in the two 
solvents are close to these observed in acetonitrile though solvent shifts are evident. 
-1. '50 ' -1. '00 ' -0.'50 ' .50 1. 0-0.50 0 	0.50 1.00 1.50 2.00 2.50 
E(V, vs. AgCl/Ag) 
Figure 3-9 Cyclic voltammogram of the complex [Re(py) 6]2 
in 0.1M [NBu4][BF4]/acetonitrile at room temperature. 
It is well-known that pyridine is a weakly it-accepting ligand whereas cyanide and 
isocyanide are much stronger it-acceptor ligands. It is therefore expected that the half- 
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wave potential for any redox couple, e.g., the Re"'' couple, 22 in the complexes 
[Re(NCR)6]"z will be more positive compared to the same redox couple in the 
complex [Re(py)6]z .  The electrochemical data from several isocyanide rhenium 
complexes do show such an increase in the half-wave potentials compared to the 
pyridine analogues. These data are tabulated in Table 3-2. 
Table 3-2 E,,2 for Re'm redox couple of the complexes [Re(L) 6]' 22 
Complex E 112 EL (V)t EL Solvent Reference 
[Re(CNMe 3)6]' 0.70 0.36 2.16 CH202 23 
{Re(CNC 6H, 1)6]' 0.75 0.32 1.92 CH202 23 
[Re(CNPh-4-OMe)6] if  1.06 0.36 2.16 C11202 17 
0.91 0.36 2.16 CH3CN 17 
{Re(CNPh-4-Me)61 1.16 0.37 2.22 C171202 17 
[Re(py)6]2 -0.49 0.25 1.50 CH202 this work 
-0.64 0.25 1.50 CH3CN this work 
t Cited from reference 2. 
Comparing the data listed in Table 3-2, we find that the increase in potential caused 
by the replacement of pyridine ligands by isocyanide ligands are twice that anticipated 
by Lever's ligand additivity model. We suggest that a major cause for the huge 
deviation may be that the ligand parameters are all derived from the linear relationship 
between Lever's ligand parameter EL and Picket/Pletcher' ligand parameter PL, 2  which 
would have introduced a significant error into the values of the parameter EL. Note 
that other more successful correlations have used Ru n half-wave potentials for 
estimation of ligand parameters. 
All electrochemical data for the series of complex [R eC16..n(py)n]z for all redox 
couples from Re'' to Re"'', where available, are tabulated in Table 3-1. The plots of 
the half-wave potentials against stoichiometry, n, are shown in Figure 3-10. 
3.2.8 Electrochemical Data and Bursten's Ligand Additivity Model 
As discussed in Chapter 1, Bursten has developed a ligand additivity model to 
correct for isomer effects on half-wave potentials for a series of carbonyl-acetonitrile 
complexes using the bonding scheme presented in Scheme 1-3 (Chapter 1). Using a 
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three-parameter model, half-wave potentials can be predicted provided that three 
parameters A, B and C are known. 
As seen in Table 3-1, the electrochemical data span half-wave potentials from 
rhenium in relatively high oxidation states to low oxidation states, in which the 
dominant it-interaction changes from it-donor type originating from the chloride 











0 	1 	2 	3 	4 	5 	6 
n (number of pyridine) 
Figure 3-10 Observed half-wave potential E1/2,0b in 0.1M [N"Bu4][BF4]/acetonitiile 
against stoichiometry n. 
ligand to ic-acceptor bonding between the metal and the pyridine ligands. These data 
provide an unique opportunity to examine the validity of Bursten's model for different 
oxidation states. In Table 3-3, the values of the three parameters, A, B and C in three 
solvents pyridine, acetomtrile and dichioromethane are listed for the redox couples, 
Re'v'm and Re"'. These values are obtained using least squares regression to solve the 
group of linear equations established by Bursten's model (see Table 1-2 in Chapter 1). 
The values of the parameters A, B and C for the redox couple Re" are not available 
because the linear equations established according to Bursten's ligand additivity model 
are not fully independent, as indicated in Chapter one. The values of the three 
91 
CHAPTER 3 ELECTROCHEMICAL STUDIES OF THE COMPLEXES, 1ReC1 6 ,,(py),1' 
parameters from the electrochemical data collected in dichloromethane for the Re"1 
redox couple may not be reliable for the same reason. 
In Bursten's model, the parameter A is defined by equation (i), 
—ka oM 	—6'b"-4k,c 	(1) 2 M 
where L' is the Cl'ligand. In equation (1), k, and k 2 are constants which correlate the 
energy of the HOMO with the half-wave potential (see equation (9) in Chapter 1). For 
a given redox couple, k2 is mainly determined by the solvent. The parameter a is a 
characteristic constant of the metal atom in a particular oxidation state. The constants 
b and C L ' describe the gross energetic effect on the metal atom of binding the metal 
centre to L' and the interaction between the dit metal orbitals and the ligand L', 
respectively. These constants are oxidation state dependent. Therefore, it is not 
surprising that the parameter A varies not only with solvent, but also with oxidation 
state as indicated in Table 3-3. 
Table 3-3 Parameters, A, B and C for Bursten's model 
for [ReC16n(py)n]z 
rn/IT IVI111 
A 	B C 	A B C 
a235 0.38 0.10 -1.24 0.56 0.01 
b224 	0.34 0.12 	-1.03 0.50 -0.01 
C206 0.27 0.21 -1.13 0.60 -0.12 
a = in pyridine, b = in CH3CN, c = in CH202 . 
The parameter B is isomer independent and may be interpreted as an electrostatic 
term .3  In the establishment of Bursten's ligand additivity model, the binary ligand 
complexes [M(CO)(CNR)6]z  (where M = Mn', Cr°, R is a alkyl or aromatic group) 
were used, in which both the CO and RNC ligands are it-acceptors though the latter is 
considerably weaker than the former. B is defined as the difference of the ligand-
related constants for the two ligands, B° and BC  (see equation (11) in Chapter 1). 
That is, B reflects the change in the overall stability of the metal atom due to the 
substitution of RNC with a CO ligand. Obviously, the overall stabilisation of the metal 
atom is the combination of cy-donation of a lone pair of electrons from the ligands to 
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the metal centre and the depletion of the electron density away the metal centre to the 
itK orbitals on the ligands. Thus the parameter B measures the difference in ability of 
the ligands to electrostatically stabilise the metal centre. Hence, it is assumed that the 
parameter B is proportional to the following factors, (it - c) - (7C PNC  - 
where it denotes the it-accepting capacity of the ligands and CY denotes the a-donating 
ability of the ligands. 3 
However, in the case of the complexes [ReCl 6 (py)]1, the chloride ligand is not a it-
acceptor rather it is a it-donor ligand. Thus the chloride ligand does not contribute to 
the stability of the metal centre in terms of accepting electron density. On the 
contrary, the ligand will destabilise the metal atom through its it-donating properties 
thereby increasing the electron density on the metal atom. Therefore, the factors to 
which the parameter B is proportional in the [ReCl6n(py)n]z  series of complexes would 
be, (it - c) - (—n1 - a), where the minus sign before the term it means it- 
donation instead of it-acceptor bonding. The chloride it-donation would be more 
important to the Re"' redox couple than the Re m redox couple. Therefore, it should 
be expected that the value of the parameter B for the Re" redox process will be 
smaller than that for Re" redox process. This is exactly what is observed 
experimentally, as shown in Table 3-3. 
The parameter C differentiates between the isomers of the same complex and reflects 
the effect upon a given dit orbital of replacing a poor it-acceptor ligand with a strong 
it-acceptor ligand. Thus C was interpreted as a 'bonding term' reflecting the relative 
ability of each ligand to stabilise any given dit orbital. As discussed above, the 
chloride ligand is a it-donor type ligand and therefore, the parameter C will mainly be 
determined by the it-accepting ability of the pyridine ligand. In low oxidation states, 
the it-back bonding interaction between the metal centre and the pyridine ligand is 
stronger compared to the same interaction between the pyridine ligand and the metal 
centre in a high oxidation state. Therefore, the value for the parameter C for the redox 
process involving Re" should be smaller than that for the redox process Re. 
Indeed, this is observed in the series of complexes [ReCl6n(py)n]z,  as shown in Table 
3-3. 
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The predicted half-wave potentials for the series of complexes [ReC1 6n(py)n]z in 
different oxidation states using the three parameters A, B and C given in Table 3-3 are 
tabulated in Table 3-4. The good agreement between the experimental half-wave 
potentials and the predicted ones shows that Bursten' model has universal validity. 
Thus not only can it be used for complexes with a d 6 and a d' electronic 
configuration, 3 '4 but it can be applied to complexes with other electronic 
configurations. In the establishment of Bursten's ligand additivity model, the 
complexes used were deliberately chosen with a d 6 electronic configuration. 3 The 
intentional choice of these complexes resulted from the knowledge that the observed 
redox process, involving the d516 electronic configurations, occurs on the same dir 
orbital. If a metal complex has an electronic configuration between d 1 and d5 , 
removing an electron from the metal centre or adding an electron to the metal centre 
will involve different dir orbitals. For example, the redox couple, mer-[ReC1 3(py) 3 ] 1+10  
removes an electron from the metal centre, Rem,  more specifically, the electron will be 
taken from the d,-based orbital and when an electron is added to the Re" metal 
centre, it will be added to the d,-based orbital since the three dir orbitals in this 
complex stack in order of decreasing energy d, > d > d, (see Scheme 1-3 in 
Chapter 1). 
Table 3-4 The predicted values of E 112 for the complexes [R16(py)}Zl 
	
Re' 	 Re'v/m 
n Si 	 S2 S3 	Si 	S2 	S3 
-1.59(-1.62) -1.56(-1.58) 	-1.52 	-0.12(-0.11) -0.03(-0.04) 0.07 
2- 	-1.49(-1.49) -1.44(-1.45) 	-1.31 	-0.11(-0.11) -0.04(-0.08) -0.05 
3m 	-1.11(-1.07) -1.10(-1.07) 	-1.04(-1.01) 	0.45(0.45) 0.46(0.46) 0.55(0.53) 
-1.01 -0.98 	-0.83 	0.46 0.45 0.43 
4t4 	-0.63(-0.64) -0.64(-0.70) 	-0.56(-0.63) 	1.02 0.95(0.98) 1.03(1.10) 
5 	-0.15(-0.14) -0.18(-0.19) 	-0.08(-0.07) 	1.59 1.45(1.43) 1.51(1.48) 
6 	0.33(0.32) 0.28(0.25) 	0.40(0.39) 	2.16 1.93(1.94) 1.99 
t Experimental values are given in parentheses where available. 
The cis isomer which has not been made gives the same predicted value as the trans isomer. 
Si, S2 and S3 are solvents pyridine, acetomtrile and clichioromethane, respectively. 
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However, the successful application of this model to transition metal complexes with 
other electronic configurations, e.g., the chioro-pyridine rhenium complexes in this 
research, implies that it is only the dir-based HOMO which is involved in the redox 
process. 
3.2.9 Electrochemical Data and Lever's Ligand Additivity Model 
Considering the concept that electrochemical potentials are additive with respect to 
ligand substitution, Lever proposed a ligand parameter EL.  The values of EL were 
based on the half-wave potentials of the redox couple [Ru(bipy) 3]32 and the 
analogous redox processes of substituted complexes. In such a way the values of the 
parameter EL were defined for over 200 ligands. 1 The parameter not only applies to 
ruthenium complexes, but other transition metal complexes in different oxidation 
states. Observed half-wave potentials can be linearly correlated to the sum of the 
ligand parameter EEL as shown in equation (2) with slope Sm and intercept Im,' 
E ol,s =Im +Sm E L 	(2) 
The results of least-squares fits between the observed half-wave potentials E0b listed 
in Table 3-2 and the sum of the ligand parameters (E = 0.25 V, E1 = —0.24 V) 
are tabulated in Table 3-5. The plots of observed half-wave potentials measured in the 
three solvents, pyridine, acetonitrile and dichioromethane, against the sum of the 
ligand parameters EEL are presented in Figures 3-1 la, 1 lb and 1 ic. From Figure 3-11 
and Table 3-5, we find that the intercept Im increases with oxidation state in all three 
Table 3-5. Intercepts and slopes in Lever's model for the complexes [ReCl.(py)]T 
Im S. 	 Correlation coefficient 
Solvent 	1111 Ill/fl 	LV/ffl 111! 111111 	1V/ffl 	1111 	ff111 	1V/1111 
pyridine 	-1.81 -1.14 	0.42 0.87 0.98 1.15 0.998 0.999 1 
CH3CN 	-1.77 -1.14 	0.44 0.77 0.93 	0.99 	0.998 	0.999 	0.9998 
CH2C12 	-1.75 -1.07 	0.47 0.85 0.98 	1.08 	0.999 	0.995 	0.999 
T The half-wave potential of the cis[ReCI4(py)2]z  was not included in the least-squares fit. 
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solvents. Thus, the intercept for the high oxidation state redox process is much higher 
than that for the low oxidation state redox process. According to Lever's model, the 
intercept is determined mainly by the ionisation energy of M', the energy term 
associated with the electrostatic repulsion between ligand lone pair and metal d 
electrons, with contributions from solvent and the reference electrode used.' 
Therefore, the intercepts are jointly determined by the ionisation energy in the gas 
phase and the electrostatic repulsion energy term between ligand lone pairs and metal 
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EL (V) 
Figure 3-1a Observed half-wave potential E1/2,0b5 in 0. 1M [NBu4][BF4]/pyridine 
against the sum of Lever's ligand parameter EL. 
The slope for a given redox process MZ  is indicative of the sensitivity of the metal 
centre to ligand substitution relative to the Ru m  redox couple. The greater the slope, 
the more sensitive the metal centre toward ligand substitution. Both Table 3-5 and 
Figure 3-11 show that the higher the oxidation state, the greater the slope, which is 
completely contrary to Lever's prediction.' Ignoring the isomeric effect parameter C 
in Bursten's model, the slope in Lever's model is comparable to the parameter B (vide 
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Figure 3-1 lb Observed half-wave potential E 112, 01 in 0. 1M [N'Bu4][BF4]/acetonitrile 
against the sum of Lever's ligand parameter EL. 
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Figure 3-11c Observed half-wave potential E l/2,.b, in 0.1M [NBu4][BF4]/ 
dichloromethane against the sum of Lever's ligand parameter EL. 
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infra). Therefore, the account of the variation of the parameter B with oxidation state 
described in the previous section is also applicable for the similar change of the slope 
in Lever's model with oxidation state. That is, in high oxidation state, it-donation from 
the chloride ligand to the metal centre is more important than in low oxidation state. 
Hence, the substitution of a chloride ligand by a pyridine ligand increases half-wave 
potentials more significantly in high oxidation state than low oxidation state. 
Therefore, it is anticipated that for the series of complexes [R eCl6n(py)n]z, the 
slope increases steadily with oxidation state. 
It is interesting to compare the values of the parameters A and B in Bursten's model 
with those of I. and Sm in Lever's model. In so doing we therefore ignore the isomer 
correction term C in Bursten's model. The absolute values do not agree, however, we 
find that the trends are very similar in terms of the change in parameter value with 
oxidation state. The comparison indicates that the characteristic constant of the metal 
atom, a' , should be an energy term associated with the ionisation energy of the metal 
3.3 Conclusions 
The series of the chloro-pyridine rhenium complexes, [ReCl6n(py)n]z  (n = 0 to 6), 
shows a very rich electrochemical behaviour in the three solvents, pyridine, 
acetonitrile and dichloromethane. The electrochemical behaviours of these complexes 
are slightly affected by the solvents (see Table 3-1). The electrochemical data 
obtained from pyridine and acetonitrile are very similar compared to those obtained in 
dichioromethane, which is mainly caused by the junction potential between the 
reference electrode and the solvent. 
The wide range of the redox processes of the complexes [ReCl6n(py)n]z  provides us 
with an opportunity to examine in more detail the two most recent ligand additivity 
models in electrochemistry developed by Bursten and Lever. 1,3  The most outstanding 
feature of Bursten's model is the recognition that half-wave potential will depend on 
isomeric form. An isomer related parameter C was introduced to correct for isomer 
effects by considering the difference for a pair of isomers in their capacity to stabilise 
the metal-based HOMO via it-back bonding. The decrease in the value of the 
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parameter C with the increase of oxidation state indicates that isomer effects result 
from the difference in the capacity of it-back bonding to stabilise the metal centre. In 
high oxidation state, it-back bonding is less important than it-donation from the 
chloride ligand to the metal centre. The it-donation of electron density will always 
destabilise the metal centre. Therefore, parameter C is close to zero for high oxidation 
state redox couples, for example, Re' (see Table 3-3). A further result of the 
diminished importance of the it-accepting ligand in high oxidation states is that the 
pair of isomers, trans- and cis-[ReCl4(py) 2]°1 , give very similar half-wave potentials. 
A similar observation was also noticed for the osmium analogue. 7 In fact, the increase 
of the parameter B with the increase of oxidation state means that the reduced form of 
a high oxidation state redox couple of the metal centre is stabilised compared to the 
reduced form of a low oxidation state couple. This is almost certainly the case 
because the pyridine is a weak it-acceptor ligand. 
In spite of the usefulness of the isomer correction, from a pragmatic point of view, 
Bursten's model is inconvenient to use since three parameters A, B and C must be 
evaluated for every system since they are different from metal to metal. The ligand 
parameter EL proposed by Lever, based on the redox couple [Ru(bpy) 3]
3+12+  , can be 
generally applied to any oxidation state of any transition metal complexes with 
octahedral or quasi-octahedral geometry. Observed half-wave potentials correlate well 
with the sum of ligand parameters .EL (see equation (2)). The good linear 
relationship observed shows the universal validity of the model (see Figures 3-11 a, 
1 lb and 1 ic). One application of the model used in this piece of work was to predict 
the half-wave potential of unknown transition metal complexes, which were 
synthesied and then purified providing the half-wave potentials were in agreement 
with the theoretical values. The shortcoming of Lever's model is obvious, that is, that 
isomer effects have not been accounted for. However, as a working model it has 
much to recommend it. 
The intercept Tm and the slope S. in Lever's model generally correspond to the 
parameters A and B, respectively. They all change with oxidation state in the same 
manner. This observation is as anticipated because the establishment of both models 
used a common base that substitution of ligand sets on a transition metal centre are 
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additive. 
The only pair of isomers obtained in this series of rhenium complexes [ReCL(p y)]z 
is trans- and cis-[ReC]4(py)2]°"1 . The electrochemical behaviours of this pair of 
isomers do not show the widely observed square-isomensation scheme, 23 presumably 
because the energy of both forms is very similar (see Chapter 2). 
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4.1 Introduction 
It is well-known that chloride is a a-donor/it-donor ligand and pyridine is a CT-
donor/weak it-acceptor ligand. The filled p-orbitals with ic-symmetry on the chloride 
ligand in an octahedral transition metal complex have moderate energies. This results 
in ligand-to-metal charge transfer (LMCT) transitions lying in the UV/Vis region of 
the electronic spectrum. The pyridine ligand which is only a weak ic-acceptor has 
relatively low energy ic*orbitals compared to a strong ic-acceptor ligand, e.g., 
carbonyl. Thus metal-to-ligand charge transfer (MLCT) transitions involving pyridine 
will lie at much lower energy than MILCT transitions to carbonyl ligands. Indeed 
metal-to-carbonyl (CO) charge transfer transitions are not observed in the visible 
region and often lie beyond the ultra-violet region which is the reason why carbonyl 
transition metal complexes are usually colourless or very pale in colour as mentioned 
in Chapter 1. In this chapter we study the change in electronic structure of a transition 
metal centre upon the alteration in coordination environment around the metal centre 
with electronic spectroscopic techniques, such as TJV/Vis/Nir spectroscopy and 
spectroelectrochemistry. 
In a series of binary transition metal complexes, [MLt6L]z,  where n = 0 to 6, L' is a 
ic-donor ligand, such as chloride, and L is a ic-acceptor ligand, such as pyridine, the 
electronic character of the metal centre will be significantly altered as one type of 
ligand is progressively replaced by the other due to the very different types of it-
interaction of the two types of ligands with the metal centre. The dominant influence 
of the two ligand types is mainly determined by the oxidation state of the metal. Thus 
metals in high oxidation states will be stabilised by ic-donor ligands. The changes in 
the electronic structure of the metal centre must be reflected in the electrochemical 
and spectroscopic behaviour of the complexes. Therefore, electrochemical and 
spectroelectrochemical studies of the binary transition metal complexes [MLI6L]z 
have given an unique opportunity to explore the interactions between the metal centre 
and the ligands. 
However, to date, there have only been a few reports about such systematic studies. 
The first such binary transition metal complexes studied were mixed chloro-pyridine 
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osmium complexes, [0 SC16.n( iy)n12Y A similar study was made on the mixed chloro-
nitrile ruthenium complexes, [RuX(NCR)]z (R = Me and Ph, X = Cl -, Br). 2 The 
main shortcomings of these studies are that, firstly, the complexes discussed above 
span relatively limited redox processes, and, secondly, several members of some of the 
series of complexes are missing. Another two series of complexes reported are 
[MC16..n(NCMe)n]7 (M = Nb" and Ta") and [M(CNR) 6 (CO)]z (M = Mn' and Cr ° , R 
= Me and Ph), 1,6  from which Bursten developed his ligand additivity model. 
In this chapter, we report the spectroelectrochemistry of the series of complexes, 
{ReC16n(py)n]z, n = 0 to 6. As discussed in the previous chapter, this series of the 
complexes exhibits a rich electrochemistry. In most cases, the electrochemical 
behaviour of the complexes span three reversible redox processes. The relatively 
complete series of the complexes plus their rich electrochemistry enable us to 
spectroscopically study 27 different species. The large number of spectral data 
indicates clearly how charge transfer absorptions vary with both the oxidation state of 
the metal and the stoichometry of the complexes. The progressive substitution of a 
chloride ligand by a pyridine ligand from [ReC1 6 ]2 lowers the symmetry of the 
resulting complexes from Oh. Consequently, the three t2,-based dir orbitals become 
non-degenerate, that is, the three degenerate dir orbitals in Oh  symmetry split into two 
or three sublevels depending on the symmetry of the complex. Usually, the energy 
difference between these levels are small and therefore any intra -t2g d—d transitions 
will lie in the near infrared region of the electronic spectrum. Many of the species 
studied in this series of complexes exhibit strong intra-t2 g transitions. Note that all the 
spectroelectrochemical studies were performed in 0.1M [N' 1Bu4] [BF4]/acetonitrile 
with several of them repeated in 0.5M [NBu4][BF4]/dichloromethane. 
Throughout the spectroelectro chemical studies, the full restoration of the starting 
compound spectrum was the criteria used to judge the reversibility of the redox 
processes. 
4.2 Results and Discussion 
4.2.1 Spectroelectrochemistry of the Complex, IReC1 6I 2 
The complex [ReC16] 2 exhibits one reversible oxidation process and one irreversible 
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reduction process as discussed in the previous chapter. The ReTm  oxidation process 
has been previously studied spectroelectrochemically and the LMCT transition 
absorptions assigned by Heath and co-worker. 7 For completeness of this study, the 
electronic spectrum of the complex [ReC1 6]2 , the spectral change accompanying the 
one-electron oxidation and the spectrum of the oxidised species [ReCI 6] 1 are shown 
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Figure 4-1 UV/Vis spectrum of the complex [ReC1 6]2 in 0.5M [NBu4][BF4]/ 
dichloromethane at 263 K. 
The complexes [ReCI6 ]2 and [ReC16] 1 contain only chloride ligands and thus their 
intense absorption bands must be assigned to LMCT transitions. Comparing Figure 4-
1 with Figure 4-3, we find that the LMCT absorption bands shift to low energy as the 
oxidation state of the metal centre is increased. This is as expected as the energy of 
the metal-based highest occupied molecular orbital (HOMO) will be lowered after one 
electron is removed. In Figure 4-2, the isosbestic points at 40000 and 30200 cm 1 
show that the one-electron oxidation process is fully reversible at 263 K on the time 
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Figure 4-2 In situ spectra of the oxidation of [ReC1 6 ]2 to [ReC1 6]' in 0.5M 
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Figure 4-3 UV/Vis spectrum of the complex [ReCI 6]' in 0.5M [NBu4][BF4]/ 
dichioromethane at 263 K. 
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scale of the electrolysis giving the single oxidised product [ReC1 6]'. Compared to the 
UV/Vis spectra of the osmium analogues at oxidation state IV and V, 1 the energy of 
the LMCT transitions of the rhenium complexes are higher. Presumably this is 
because of the increase in electron affinity of the osmium centre compared to rhenium 
due to the increase in the effective nuclear charge. Thus the energy of the osmium-
based t2g  orbitals will be at lower energy than the equivalent rhenium-based orbitals 
thereby resulting in lower energy chloride-to-metal charge transfer transitions for M = 
Os compared to M = Re. 
As discussed in Chapter 3, the reduction process Re'vlm is not a simple irreversible 
process. Recently, it has been found that the reduction process is associated with a 
catalytic process involving the breakage of a C--C1 bond of the chlorinated solvent.' 
At low temperature, the catalytic process is inhibited and the reduction process, 
Re", becomes reversible on the time scale of cyclic voltammetry. 9 However, bulk 
electrolysis shows that, on this time scale, the reduced species [ReC1 6] 3 is still 
extremely unstable and decomposes to a reactive intermediate which is involved in the 
breakage of a C--C1 bond of the chlorinated solvent. It has been previously 
established that the one-electron reduction of [ReC1 6]2 to [ReC16 ] 3 is rapidly followed 
by chloride loss to give [ReC1 5 ]2 and free chloride.' 
Fortunately, the reversibility of the one-electron reduction process is drastically 
improved if the reduction is carried out using the ionic liquid electrolyte, 1-methyl-3 - 
n-octyl-imidazolium hexafluophosphate in dichioromethane. The ionic liquid 
electrolyte forms micellea in dichloromethane with the lipophilic group directing 
outside and the hydrophilic group directing inside. The micellea can accommodate 
both the starting compound and the reduced species (see Chapter 3). Consequently, 
the mobilities of these species are decreased. Upon reduction the [ReCI 5 ]2 species and 
the free chloride are trapped and remain in intimate contact with one another. 
Therefore the reversibility of the Re" °" couple is increased. An alternation explanation 
for the increase of reversibility of the [ReC1 6 ]213 couple may arise from the inability of 
1-methyl-3-n-octyl-imidazolium to form an ion pair with chloride. Free chloride, a 
highly ionic ion, tends to form a tight ion pair with a suitable cation in non 
coordinating solvents such as dichloromethane. In a conventional electrolyte system, 
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the tetrabutylammonium ion performs this function, however, the 1-methyl-3-n-octyl-
iniidazolium may not form such an ion pair with Cl thereby making the [ReCI 6] 3 —* 
[ReC15]2 + cr step very much slower. Both these explanations probably contribute to 
the increased reversibility of the [ReCI6]243 couple in this solvent system. 
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Figure 4-4 In situ spectra of the reduction of [ReCL5] 2  to [ReC]6] 3  in 0.5M ionic 
liquid electrolyte (see text)/dichloromethane at 243 K. 
process at 243 K in dichloromethane, in which two clear isosbestic points at 39700 
and 29750 cm 1 are observed showing that the reduction is a filly reversible process. 
The UVIVis spectrum of the reduced species [ReCL5]3  is shown in Figure 4-5, from 
which it can be seen that the main LMCT absorption bands have shifted to the far 
ultra-violet region of the spectrum. Compared to the spectrum of the complex 
[OsCI6]3 , whose main LMCT absorption bands are at 35200 and 37600 cni',' the 
energy of the absorption bands of [ReCI6]3 are significantly higher. According to the 
discussion of the spectral assignments for the complexes [ReCI 6]2 and [ReCI 6],7 we 
similarly assign the strongest absorption bands in Figure 4-5 to t2 5 4 tiu (icCI) 
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electronic transitions and the shoulder and/or relatively weak bands to t2g + t2u (itCt) 
electronic transitions, and the Laporte forbidden transition, t2g + t2g (itCl). Only part 
of the LMCT transition absorptions are observed as the higher energy part of the 
absorptions is masked by the absorption of dichioromethane solvent. Thus the 
chloride-to-rhenium charge transfer transitions shift to higher energy as the metal 
centre is reduced from Re" through Re'v to Re oxidation states. The shift of 
chloride-to-rhenium charge transfer transition accompanying the change in metal 
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Figure 4-5 IJV/Vis spectrum of [ReC1 6] 3 in 0.5M ionic liquid electrolyte (see text)/ 
dichloromethane at 233 K. 
4.2.2 Spectroelectrochemistry of the Complex, [ReCl 5pyI' 
Upon the substitution of one chloride by one pyridine ligand, the Re' V 'ffl redox couple 
becomes reversible at room temperature in [NB 4][BF4]/dichloromethane (or 
acetonitrile) and the half-wave potentials of both the reduction and oxidation 
processes, the Re" 11 and Re"'" couples, shift positively in the complex [ReCl 5py]' 
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compared to [ReC1 6]2 as discussed in previous chapter. The in situ UV/Vis spectra 
accompanying the one-electron oxidation process [ReC! spy]' - e —+ [ReCl5py] ° are 
shown in Figure 4-6 in 0. 1M [NBu 4][BF4]/acetonitrile at 258 K. The isosbestic point 
at 32780 cm -1 indicates that the oxidation process gives no other product except for 
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Figure 4-6 In situ spectra of the oxidation of [ReCl 5py]' to [ReCl 5py] in 0. 1M 
[NBu4][BF4]/acetonitrile at 263 K. 
In Figures 4-7 and 8 are the UV/Vis spectra of the complexes [ReCl 5py]' 
and [ReCi spy], respectively. Both complexes contain the rhenium metal centre in a 
relatively high oxidation state, Ri' and Re", and therefore we expect the electronic 
spectrum to be dominated by chloride-to-metal charge transfer transitions. 
Furthermore we expect the spectrum to bear a marked resemblance to those of 
[ReCI6]2 and [ReC1 6]'. The main absorption band at 35610 cm' for [ReC] 5py]' in 
Figure 4-7 is similar to the main absorption band at 35310 cm' for [ReC1 6]2 in Figure 
4-1. Thus, the main absorption band profile in [ReCl 5py] 1 can be confidently assigned 
to chloride-to-metal charge transfer, dit - it (CF). The intra-pyridine it +— It 
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Figure 4-8 UV/Vis spectrum of [ReCl5py] in 0. 1M [WBu 4][BF4]/acetonitrile at 
263 K. 
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transition usually observed around 40000 cm' will be superimposed with the main 
absorption band. Upon the removal of one electron from the complex [ReCispy] ', the 
UV/Vis spectrum of the resulting Re" containing complex [ReCl 5 py] should be 
dominated by chloride-to-metal charge transfer transitions, dit +— it (C1), at lower 
energy than the analogous transitions in [ReCl 5 py] 1 as discussed previously. Figure 4-
8 shows that the LMCT absorption bands of [ReCl 5py] lie at much lower frequencies, 
namely, at 28870 and 21530 cm', compared to those in the complex [ReCl 5py]' 
(Figure 4-7) where the absorption maximum is at 35610 cm'. The absorption band at 
39310 cm' is the most significant additional band between the spectra of [ReC1 5py] 
and [ReC1 6]' and is therefore attributed to the intra-pyridine ltK it transition. 
The reduction process, Re" + e —* Rem, is filly reversible in [ReCl 5 py]'. The 
spectral change associated with the one-electron reduction in 0.1M [NBu 4] [BF4]/ 
acetonitrile at 263 K is shown in Figure 4-9. Two isosbestic points are found at 
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Figure 4-9 In situ spectra of the reduction of [ReCl 5py] to [ReCl 5py]2 in 0. 1M 
[N'Bu4][BF4]/acetonitrile at 263 K. 
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In Figure 4-10, the UV/Vis spectrum of the reduced species [ReCl 5py]2 is presented. 
Compared to the UV/Vis spectrum of the isovalent analogue [ReC1 6 ]3 (see Figure 4-
5), the significant difference is that there are two groups of absorption bands at very 
low energy, 24250 and 18250 cm' in [ReCI 5py]2 whereas [ReCl6]3 is completely 
featureless in this region. Obviously, these bands can not be assigned to LMCT 
transitions since these are expected to shift to high energy upon reduction as 
discussed above. Thus, these transition bands can reasonably be assigned to metal-to-
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Figure 4-10 UV/Vis spectrum of [ReCl 5py]2 in 0. 1M [N'Bu4][BF4]/acetonitrile at 
263 K. 
In the complex [ReCl 5py]2 , the molecular symmetry is lowered to C 4 from Oh 
symmetry in [ReCI6 ]2 . The degenerate t2g  orbitals decompose into an e (d, and d) 
and b2 (d,) set of orbitals, in which the former lies at lower energy because of the 
stabilisation of the e orbitals by the ir*orbital  on the pyridine ligand. Hence the four 
d-electrons of [ReCl 5py]2 are arranged in the following way, (e) 3 (b2)'. We observe 
two sets of MLCT transitions of an electron from the b 2 metal-based orbital to the itK 
orbital on pyridine at 18250 cm' and a further band at 24250 cm' due to the 
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excitation of an electron from the e set of orbitals to the 7,* orbital. Both excitations 
are electronically frilly allowed. 
The doublet absorption at 40850 and 39700 cm is, at least in part, due to the intra-
pyridine 7r *— it transition. However, compared to the spectral pattern of the UV/Vis 
spectrum of [ReCl6]' (see Figure 4-5), it is possible that the absorption bands at high 
frequency contain a component of chloride-to-metal charge transfer. 
Very similar results are also obtained in 0.5M [NtBu4][BF4]/dichloromethane at 
258 K, which will be presented in Chapter 5. 
4.2.3 Spectroelectrochemistry of the Complexes, trans-IReCI 4(py)21' and cis-
IReCI4(py)21 1- 
Upon the second substitution of a chloride ligand by a pyridine ligand from the 
complex [ReC16]2 , the redox couple Re" observed in both the [ReC1 6
]
2 and 
[ReCl5py] 1  is not observed in [ReC1 4(py)2] presumably as it shifts to a more positive 
potential which is outside the electrochemical window of acetonitrile, i.e., > + 2 V. At 
the same time, the Rem  redox couple may now be observable. Therefore, the pair of 
disubstituted isomers, trans- and cis-[ReC14(py)2]', exhibit two redox processes, the 
Re'vm and Rem couples. 
The trans isomer possesses no dipole moment which makes the solubility of 
the neutral form of the isomer very poor in any solvent. Thus, there are no 
spectroelectrochemical data for the Re"" redox couple of the trans isomer. The 
change in the UV/Vis spectrum during the one-electron oxidation process of the 
reduced species trans- [ReC14(py) 2]2 to trans-[ReC14(py) 2] 1 is shown in Figure 4-11. 
The four isosbestic points at 23080, 29600, 36620 and 39220 cm indicate that the 
redox couple Re"" is a single-product process. The UV/Vis spectra of the complexes 
trans-[ReC14(py) 2]' and trans-[ReC14(py) 2]2 are presented in Figures 4-12 and 13, 
respectively. 
In the dipyridine complexes, trans_[ReC14(py)2}z,  the Re centre has local D4h 
symmetry and the t2g  orbitals split into a b2g (d,) and an e g (d and d,a) set. The eg 
orbitals are stabilised more than the b2g orbital by the it-interaction between the metal- 
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Figure 4-11 In situ spectra of the oxidation of trans- [ReC14(py) 2]2 to trans-
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Figure 4-12 UV/Vis spectrum of trans- [ReC14(py) 2]' in 0. 1M [NBu 4}[BF4 / 
acetonitrile at 248 K. 
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Figure 4-13 UV/Vis spectrum of trans- [ReCI4(py)2]2 in 0. 1M [N'Bu4][BF4]/ 
acetonitrile at 248 K. 
based dit orbitals and the 7t*orbitals  on the pyridine ligands and hence lie at lower 
energy level than the b2g  orbital. Figure 4-11 shows that with the one-electron 
reduction of Re u to Re", the main absorptions in the visible region shift to lower 
energy and their intensities are almost doubled. The visible spectrum of trans-
[ReC14(py)2]' (Figure 4-12) is very similar to that of [ReCl 5py]2 (Figure 4-10) and we 
conclude that the electronic transitions responsible for these transitions must have 
similar origins. Therefore, in both oxidation states III and II, d 4 and d 5 electronic 
configuration, respectively, the electronic absorption bands in the visible region may 
confidently be assigned to MLCT transitions, more specifically to pyridine ir - dir 
(Re) charge transfer transitions. The double band envelope arises from the electronic 
transitions of electrons from either the e g or the b2g  metal-based orbitals to the it'-
orbitals on the pyridine ligands, both of which are fully electronically allowed. 
In the near infrared region in Figure 4-13, two absorption bands at 9030 and 6410 
cm' are observed for the Re" containing complex. There are at least two types of 
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electronic transition which could be responsible for the near-infrared transitions. 
Firstly, the band at 6410 cm' could be assigned to an intra-t2 g d—d tansition from the 
eg set of orbitals (d,-and d,,-based) to the b2g  orbital (d,-based). While this intra -t2g 
transition is Laporte forbidden, it is a spin allowed d—d transition. Therefore, it is not 
surprising that its molar absorption coefficient is as high as 1800 cm' mor' dm 3 (see 
Table 1-6 in Chapter 1 for more details). Secondly, there are two distinct observable 
bands and if the d—d transition assignment is correct we should only observe one. 
Furthermore, we observe no such low energy band for the RJ containing complex, 
trans-[ReC14(py) 2} 1 . However, an intra-t2g transition band for the Rem complex may 
well lie at lower energy than 5000 cm'. In fact, a band at 4800 cm' is observed for 
the cis isomer analogue, cis-[ReC14(py) 2]' (vide infra). The higher energy band at 
9030 cnf' may be assigned to a spin forbidden transition of the MLCT bands. The 
spin labels for transitions involving a third row transition metal are less secure than for 
the first two transition metal series and thus the intensity of the formally spin 
forbidden bands can become significant. After comparing the large number of spectra 
recorded for the series of complexes in this chapter, we suggest that the assignment of 
the lower energy band at 6410 cm' to an intra -t2g transition can be more confidently 
argued than that of the higher energy band at 9030 cm' to a spin forbidden transition 
of the MLCT bands. 
It is interesting to note the spectral change at around 40000 cm' in Figures 4-12 and 
13. For the complex in oxidation state II, there is only a single band which may be 
definitively assigned to an intra-pyridine 	+- it transition whereas in oxidation state 
III, there are at least two overlapping bands, one of which is the intra-pyridine it 
it transition and the other is the chloride-to-metal charge transfer transition. Thus for 
the complex in the oxidation state III, both LMCT and MLCT transitions may be 
observed. 
The cis isomer behaves spectroscopically in a very similar manner to the trans 
isomer for analogous oxidation states. Figure 4-14 shows the overall spectral changes 
which occur when the complex cis-[ReC1 4(py)2] is reduced to cis-[ReC1 4(py)2]' in 
0.1M [NBu4][BF4]/acetonitrile at 263 K. Two isosbestic points at 29380 and 39000 
cm' are observed. In Figure 4-15, the in situ spectra of the oxidation of the species 
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Figure 4-14 In situ spectra of the reduction of cis-[ReC1 4(py) 2] to cis-[ReC14(py) 2] 1 in 
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Figure 4-15 In situ spectra of the oxidation of cis-[ReCI 4(py) 2]2 back to cis-
[ReC14(py) 2] 1 in 0. 1M [NBu4][BF4]/acetonitri1e at 248 K. 
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Figure 4-16 UV/Vis spectrum of cis-[ReCI 4(py)2] in 0.1M [N"Bu4][BF4]/acetonitrile 
at 263 K. 
cis-[ReC14(py)2] 2 to cis-[ReC14(py)2] 1 in 0. 1M [NBu4][BF4]/acetonitri1e at 248 K are 
shown with four isosbestic points at 25940, 29520, 37600 and 40400 cm - '. These 
isosbestic points confirm that the two redox processes give rise to single redox 
products. 
The UV/Vis spectra of the cis isomer in oxidation states IV, III and II are shown in 
Figures 4-16, 17 and 18 respectively. Using the same arguments as previously,t  the 
absorption band at 37260 cm' in the spectrum of the species cis-[ReC14(py)2] (Figure 
4-16) is assigned to a chloride-to-metal charge transfer transition. The absorption 
bands in the visible region in Figures 4-17 and 18 are assigned to metal-to-pyridine 
charge transfer transitions. For the absorption bands in the near infrared region, the 
same argument used previously for the trans isomer analogues is used, that is, the 
lower energy bands at 6040 cm' in Figure 4-18 and the band at 4800 cm - ' in Figure 
t The UV/Vis spectrum of the trans-[ReC14(py) 2 ] in solution is not available because of its poor 
solubility in any solvent. 
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Figure 4-17 UV/Vis spectrum of cis-[ReCI 4(py) 2]' in 0. 1M [NBu4][BF4]/acetonitri1e 
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Figure 4-18 UV/Vis spectrum of cis-[ReCI 4(py) 2]2 in 0. 1M [N11Bu4][BF4]/acetonitrile 
at 248 K. 
120 
CHAPTER 4 SPECTROELECTROCHEMICALBEHAJ'7OUR OF COMPLEXES [ReC16,,(py),,f (n =0 to 6) 
4-17 are assigned to intra-t2 g transitions whereas the absorption at 8510 cm' in Figure 
4-18 is assigned to a spin forbidden MLCT transition. The absorption around 40000 
cm' is assigned to a pyridine it' +- it transition. 
The complexes cis[ReC14(py)2]z  have C2 symmetry at the metal centre, in which we 
consider the two pyridine ligands to take up two positions in the x-y plane. Thus the 
energy sequence of the dit orbitals of the metal centre is b 1 (d,), b2 (d)> a2 (d,). 
The complex, [ReC14(py)2]2 , has a d 5 electronic configuration. The d and d orbitals 
will be degenerate and therefore the ground state may be either (a 2)2(b2)2(b i)' or 
(a2)2(b 1)2(b2)' with corresponding term symbols 2B 1 and 2B2. Excitation of a Re-based 
electron from the d,, d yz  or d, orbitals to the 7t*orbitals  on the pyridine ligands will 
give rise to several electronically allowed transitions as seen in Figure 4-18. 
In the complex, cis-{ReC14(py)2] 1,  the ground electron configuration is (a 2)2(b i) 1 
(b2) 1 , which yields the ground state, 3A2. Consequently, the corresponding excited 
state configuration arising from a M1LCT transition can take three possible 
arrangements, i.e., (a2)2(bi) 1 (b2)0(7c*)' ,  (a2)2(b 1)0(b2) '(it*)l  or (a2) 1(b i)'(b2)'(it 
*)1,  Once 
again the visible region of the spectrum of the Re m containing complex is strikingly 
similar to the other Re m oxidation state complexes and we therefore suggest that the 
M1LCT assignment argument holds for all cases. The broadening of the band due to 
intra-pyridine transition at Ca. 40000 cm' and the shoulder at its low energy side may 
arise from the superposition of the fully allowed chloride-to-metal charge transfer 
transitions, (b 1 ,b2)2 +- irCt. The band at about 4800 cm' is assigned to the intra -t2g 
transition, (b 1 ,b2)2 *— (a2)2. A similar intra-t2g transition has not been observed in the 
spectrum of the trans isomer in the same oxidation state III (see Figure 4-12) 
presumably because such a transition band lies below 5000 cm - '. 
The spectrum of the neutral complex of cis-[ReC14(py) 2] (see Figure 4-16) is 
dominated by the LMCT transitions arising from electronic transitions from itCr to the 
metal-based dir orbitals. The it it intra-pyridine charge transfer transition will also 
be included in the broad band at 37260 cm - '. 
It is interesting to compare the MILCT absorption bands for Re" and Re in both 
isomeric forms. The average energy of the MILCT transitions of the cis isomer in both 
oxidation states (see Figures 4-17 and 18) are higher than those of the trans isomer 
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(Figures 4-12 and 13). A similar observation was also found for the osmium 
analogues.' It is reasonable to assume that the energy of the lr*_orbitals  on the 
pyridine ligands is the same for both isomers. Therefore, we must conclude that the 
metal-based d orbitals in the cis isomer, a2(d,), b 1(d,) and b2(d), lie at lower energy 
than that in the trans isomer, b2g(d,),) and eg (d, and dr). This conclusion is in 
agreement with their electrochemical behaviour, since the cis isomer is harder to 
oxidise than the trans isomer. 
4.2.4 Spectroelectrochemistry of the Complex, mer-IReCI 3(py)3] 
With one more pyridine ligand entering the inner coordination sphere around the 
metal centre compared to the dipyridine complexes, the Re" redox couple is observed 
at -1.76 V. Thus the mer-complex exhibits three redox processes in 0.IM 
[N"Bu4] [BF4]/acetonitrile. At low temperature, all three redox processes are reversible 
on the electrolysis time scale which make their in situ electrogenerations possible. 
The in situ spectra of the oxidation from Re m to Re" at 263 K in 0. 1M 
[N'Bu4][BF4]/acetonitri1e is shown in Figure 4-19. The isosbestic point at 31000 cm 
shows that the one-electron oxidation process gives no by-product formation during 
the electrolysis. The collapse of the absorption bands in the visible region and the 
growth of absorption bands at high frequency indicate that the dominant charge 
transfer transitions change from metal-to-ligand to ligand-to-metal with the increase in 
oxidation state. Figure 4-20 demonstrates the spectral change accompanying the 
reduction process of Re m to Re11 in 0. 1M [N"Bu4][BF4]/acetonitrile at 263 K, in which 
one isosbestic point at 25400 cm -1 is observed again showing that the one-electron 
reduction process leads to a single reduced Re" containing species. With one more 
electron being added to the metal centre, the main absorption bands in the visible 
region shift to lower energy and their intensity is greatly increased. Thus the electronic 
absorptions of the Re" complex are dominated by metal-to-pyridine charge transfer 
transitions. The in situ spectra of the oxidation from Re' to Re" in 0. 1M 
[N'Bu4][BF4]/acetonitrile at 241 K is shown in Figure 4-21. Isosbestic points are 
observed at 6400, 20000, 24180, 39140 and 41060 cm - 1 which shows that this is a 
single product oxidation process. 
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Figure 4-19 In situ T.JV/Vis spectra of the oxidation of mer-[ReC13 (py) 3 ] to mer-








40000 	30000 	20000 	10000 
cm -1  
Figure 4-20 In situ UV/Vis spectra of the reduction of mer-[ReC1 3(py) 3 ] to mer-
[ReC13(py) 3]' in 0. 1M [NBu4][BF4]/acetonitri1e at 263 K. 
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Figure 4-21 In situ UV/Vis spectra of the oxidation of mer-[ReC13(py) 3 ]2 back to 
mer-[ReC1 3(py) 3 ]' in 0. 1M [N"Bu 4][BF4]/acetonitrile at 241 K. 
The UV/Vis spectra of the complexes mer_[ReCI3(py)3]z  (z = 1+, 0, -1 and -2) are 
shown in Figures 4-22, 23, 24 and 25, respectively. The main absorption bands in 
[ReC13 (py) 3]', which contains Re", are centred at around 40000 cm' (Figure 4-22), 
and we assigned them to the overlap of the intra-pyridine it" +- it transitions and 
chloride-to-metal charge transfer transitions. With one electron added to the metal 
centre giving Rem, we can see the high-frequency feature becomes simplified (see 
Figure 4-23), which allows us to confidently assign the shoulders in Figure 4-22 to 
chloride-to-metal charge transfer transitions. The two broad bands at 28900 and 
23470 cm' in the spectrum of mer-[ReCI3(py) 3 ] are metal-to-pyridine charge transfer 
transitions and hence have a similar shape and intensity as analogous MLCT bands in 
the other Rem  spectra. The weak absorption band in the near infrared (Ca. 5100 cm') 
belongs to an intra-t2g transition. Further reductions of the Re complex to Re" and 
Re' steadily shift the MTLCT transition bands to lower energy and increase the intensity 
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Figure 4-22 UV/Vis spectrum of mer-[ReC1 3(py) 3]' 
acetonitrile at 263 K. 
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Figure 4-23 UV/Vis spectrum of mer-[ReC13(py) 3 ] in 0. 1M [N1'Bu4][BF4]/acetonitrile 
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Figure 4-24 UV/Vis spectrum of mer-[ReC13(py) 3 ] in O.1M [NBu4][BF4]/ 
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Figure 4-25 UV/Vis spectrum of mer-[ReCI 3 (py) 3]2 in 0. 1M [N'Bu4][BF4]/ 
acetonitrile at 241 K. 
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The absorption band in the near infrared region of the spectrum reaches its maximum 
intensity in mer-[ReCI 3 (py)3]' in which the metal centre is in oxidation state II and 
then vanishes in oxidation state I. This is good evidence to show that the absorption 
band in the near infrared region of the spectrum, whose intensity varies with the 
oxidation state of the metal centre, may be attributed to an intra-t2 g metal-based 
transition. In oxidation state I, the metal centre has a filled d 6 electronic configuration 
and therefore no intra -t2g transition is possible. 
The complex mer_[ReCI3(py)3]z  (z = 1+, 0, -1 and -2) has C 2 symmetry. We assume 
that the pyridine and the chloride ligands trans to each other lie on the z axis. Thus the 
t2g orbitals transform into b 2(d), a2(d,) and b 1 (d,) orbitals in decreasing energy. For 
the complex [ReC1 3 (py)3 ]2', the configuration of the metal-based dit orbitals is 
(b2)2(a2)2(b 1)2 with the ground term 1 A 1 . Two fully allowed MLCT transitions to the 
lowest energy 7c* pyridine orbital are predicted, which must, in part, be responsible for 
the strong and broad absorption bands centred around 17000 cm' (Figure 4-25). 
When one electron is removed from the orbital (b 2, d)2, then the ground state 
electronic configuration of the complex [ReC1 3(py)3]' is (b2)'(a2)2(b 1 )2 . According to 
electric dipole selection rules, two fully allowed MLCT transitions are expected as in 
the case of [ReC1 3(py) 3 ]2 . The different population of the d orbitals between 
[ReC13(py)3 ] 2 and [ReC1 3 (py) 3] 1 will account for the different shape band envelopes 
between the two spectra. As indicated above, the low frequency band at 5400 cm - ' 
must belong to an intra-t2 g transition, i.e. (b2, dr)' - (az, dxy)2 . 
In the spectrum of the complex [ReC1 3(py)3 ] which has a d4 configuration (see Figure 
4-23), the two broad bands at 28900 and 23470 cm' should be from the two fully 
allowed MLCT transitions. Any LMCT. transitions will be superimposed on the intra-
pyridine it +— it transition, which makes the 40400 cm' band broad compared to the 
analogous transition in the spectrum of the complex [ReC1 3 (py)3 ]' (see Figure 4-24). 
The intra-t2g transition between the a2 (d,) and b 1 (d,) orbitals appears at 
approximately the same frequency as that of the complex [ReC1 3(py)3 ] 1 (see Figure 4-
24) but its intensity is decreased. 
With the further removal of an electron from the metal-based dit orbitals, the UV/Vis 
spectrum of the complex [ReC1 3(py)3 ] 1 is dominated by the LMCT transitions from 
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7t(C1)-based orbitals to the Re" metal centre (see Figure 4-22). These LMCT 
transitions are very close to the intra-pyridine 7t f— it transition and appear at the 
right hand side of the intra-pyridine 7t*  4— it transition. 
4.2.5 Spectroelectrochemistry of the Complex, trans - IReCl2(py)41' 
As the trispyridine complex mer-[ReCl 3(py) 3 ] discussed above, trans- [ReCl2(py)4] If 
exhibits three frilly reversible redox processes. The sharp isosbestic points in the in 
situ spectra of the redox processes (see Figures 4-26, 27 and 28) indicate that all 
these redox couples are fully reversible on the electrolysis time scale and give no by-
product formation. Figure 4-26 shows the spectral changes occurring during the one-
electron oxidation from Re m to Renl,  in which three isosbestic points at 32600, 42240 
and 44800 cm -1 are observed. In Figure 4-27, the in situ spectra of the oxidation 
process from Re" to Re m is shown in which two isosbestic points appear at 24400 and 
44600 cm'. The in situ spectra for the reduction process from Re" to Re' is shown in 
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Figure 4-26 In situ UV/Vis spectra of the reduction of trans- [ReCl2(py)4] 2 to trans-
[ReCl2(py)4]'4 in 0. 1M [NBu4][BF4]/acetonitrile at 263 K. 
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Figure 4-27 In situ UV/Vis spectra of the oxidation of trans-[ReC1 2(py) 4] back to 
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Figure 4-28 In situ UV/Vis spectra of the reduction of trans-[ReC12(py)4] to trans-
[ReCl2(py) 4]' in 0. 1M [NBu4][BF4]/acetonitri1e at 248 K. 
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The UV/Vis spectra of the complex trans-[ReCl2(py) 4]' and the in situ generated 
species [ReC12(py)4]z  (z = 2+, 0 and -1) are shown in Figures 4-29, 30, 31 and 32 
respectively. Using the same arguments as for the trispyridine complexes, we can 
make general assignments for the absorption bands in these UV/Vis spectra. In the 
spectrum of [ReC1 2(py)4] 2 , the strongest band is observed at 40000 cm' and is 
assigned primarily to the intra-pyridine it - it transition. The bands at low energy 
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Figure 4-29 UV/Vis spectrum of bans-[ReCl2(py) 4] 21 in 0.1M [NBu4][BF4]/ 
acetonitrile at 263 K. 
Lowering of the oxidation state of the metal means that the electronic spectra of the 
species will contain three types of transition, i.e., the intra-pyridine transition in the 
ultra-violet region, metal-to-pyridine charge transfer transitions in the visible region 
and an intra-t2g transition in the near infrared region (see Figures 4-30, 31 and 32). 
The MLCT transitions steadily shift to lower energy with decreasing metal oxidation 
state. The intra-t2 g transition has maximum intensity for Re". Note that the 40000 cm' 
absorption band in the UV/Vis spectrum of [ReC1 2(py)4] (Figure 4-30) is 
significantly broader than the similar energy peak in the spectra of [ReC12(py)4]z,  z = 
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Figure 4-30 UV/Vis spectrum of trans-[ReC12(py) 4]' in 0. 1M [NBu4][BF4]/ 
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Figure 4-31 UV/Vis spectrum of trans-[ReC1 2(py) 4] in 0. 1M [NBu4][BF4]/ 
acetonitrile at 248 K. 
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Figure 4-32 UV/Vis spectrum of trans-[ReC12(py) 4]' in 0.1M [N'Bu4][BF4]/ 
acetonitrile at 248 K. 
2+, 0, 1-. We suggest that the 40000 cm-1 peak in [ReC1 2(py)4]' contains both a 
chloride-to-metal charge transfer band and an intra-pyridine it - it transition. 
The complexes trans- [ReC12(PY)41' (z = -i, 0, +1 and +2) have local DA symmetry 
with the four pyridine ligands occupying the equatorial positions and the Re—Cl bonds 
lying along the z-axis. The stabilising effects of the it-interaction between the pyridine 
ligand and the metal centre mean that the three t2,-based d orbitals split into two 
subgroups, eg (d, and d) and b2 g  (d,,) with the latter orbital lying at lower energy. In 
the oxidation state I, the complex [ReC1 2(py)4]' has a d6 electronic configuration, i.e., 
(b2g)2(eg)4, which gives rise to the ground state term 1 Aig. Electronic transitions from 
both b2g  and eg orbitals to the ic orbitals on the pyridine rings are fully allowed and 
hence we observe the two intense bands at 19300 and 12200 cm - ' (Figure 4-32). The 
energy difference between these two bands is of the correct order for the splitting of 
the d orbitals within the (t2 g) manifold as witnessed by the presence of intra-t2 g 
transitions in higher oxidation state complexes. In the d 6 electronic configuration of 
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[ReC12(py)4]', all three t2g-based orbitals are occupied and thus no intra-t2 g transition 
is observed as indicated in Figure 4-32. 
When one electron is removed from the degenerate pair of e g orbitals, the in situ 
electrogenerated species [ReC1 2(py)4] has an electronic configuration (b2 g)2(eg)3 and a 
ground state term 2Eg. Once again the MLCT transitions from the Re e g and b2g sets of 
orbitals to the it *  pyridine-based orbitals are fully electronically allowed and hence we 
observe the spectrum as shown in Figure 4-31. In the near infrared region, the 
absorption band at 5090 cm -1 is from the intra -t2g transition (e g)3 +_ (b2g)2 as discussed 
above, which is a spin allowed but parity forbidden transition. 
The starting complex [ReCl2(py)4] 1+  has the electronic configuration (b2 g)2(eg)2, in 
which the ground state is 3A2g. As for [ReC12(py)4]' and [ReC12(py)4] 0  we observe 
two rhenium-to-pyridine charge transfer transitions (Figure 4-30) which are shifted to 
higher energy as the oxidation state of the metal centre is increased. The relatively 
weak band at 5090 cm' must be the spin allowed but parity forbidden intra -t2g 
transition, (e g)2 +__ (b2g)2. Surprisingly, the absorption band does not shift in energy 
compared to the analogous band in Figure 4-31 but it does decrease in intensity. 
The in situ electrogenerated species of highest oxidation state is [ReC1 2(py)4] 2 
which has a d3 electronic configuration, i.e., (eg)2(b2g)', from which the ground state 
term, 4A2g, is derived. In this oxidation state, it is unlikely that the MLCT transitions 
will be observed in the spectral region under study as it is anticipated that it will lie in 
the far-UV region of the electronic spectrum. The main transitions observed will be 
the intra-pyridine transition and the chloride-to-metal charge transfer transitions. The 
latter transition is responsible for the absorption band at 28380 cm -' and a further high 
energy shoulder (Figure 4-29). These LMCT transitions are very close to the intra-
pyridine transition. In this oxidation state, there is no intra-t 2g transition, presumably 
because either the electron density on the metal centre is low and therefore the 
transition is too weak to be observed or the transition is at a lower energy than 5000 
cm'. 
4.2.6 Spectroelectrochemistry of the Complex, IReC1(py) 51 2 
The pentapyridine complex [ReCl(py) 5 ]2 readily loses the pyridine ligand which 
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is trans to the chloride ligand, especially in the presence of other suitable ligands, such 
as water (see Chapter 3). However, the three redox processes, Re''°, Re and Re" 
couples, are filly reversible at 243 K on the time scale of electrolysis in 0. 1M 
[N"Bu4] [BF4]/acetonitrile. Therefore, in situ spectroelectrochemical studies for the 
three redox couples are possible. 
In Figures 4-33, 34 and 35, the UV/Vis spectral changes accompanying the 
redox processes are demonstrated. In the spectra of the reduction process from 
[ReC1(py) 5 ]3+  to [ReCl(py) 5 ]2+  , four sharp isosbestic points at 24480, 38000, 41100 
and 45040 cm' (Figure 4-33) indicate that the redox process gives a single redox 
product. For the oxidation process from [ReCl(py) 5]' to [ReCl(py) 5 ]2 , the isosbestic 
points are observed at 26780 and 45980 cm-1 (Figure 4-34). In Figure 4-3 5, the 
spectra of the oxidation process from [ReC1(py) 5 ] to [ReCl(py) 5 ] are shown in which 
isosbestic points are measured at 21800, 37800 and 41200 cm - '. All these isosbestic 
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Figure 4-33 In situ UV/Vis spectra of the reduction of [ReCl(py) 5 ]3 back to 
[ReCl(py) 5 ]2 in 0. 1M [N"Bu4][BF4]/acetonitrile at 243 K. 
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Figure 4-34 In situ UV/Vis spectra of the oxidation of [ReC1(py) 5 ] 1 back to 
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Figure 4-35 In situ UV/Vis spectra of the oxidation of [ReCI(py) 5] back to 
[ReC1(py) 5]' in 0. 1M [NBu4][BF4]/acetonitri1e at 243 K. 
135 
CHAPTER 4 SPECTROELECTROCHEMICAL BE.HA'7OUR OF COMPLEXES [ReC1(py)f (n =0(06) 
As observed in the tns- and tetrapyridine complexes, the in situ spectral changes 
show that from oxidation state Ill to I, the main absorption bands in the visible region 
steadily shift to lower energy with decreasing oxidation state and the intensities of the 
bands increase which is typical behaviour of these MLCT transitions. Therefore, these 
absorption bands are assigned to metal-to-pyridine charge transfer transitions. The 
UV/Vis spectra of the complexes [RCC1(py)5]z  (z = 3+, 2+, +1 and 0) are shown in 
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Figure 4-36 UV/Vis spectrum of [ReCl(py) 5 ] in 0. 1M [N11Bu4][BF4]/acetonitrile at 
243 K. 
The local symmetry of the complex [ReCl(py)5]z  is C4 . Upon the it interaction 
between the metal centre and the pyridine ligands, the t 2,-based d orbitals split into 
two subsets, b 2 (d,) and e (d, and dr), in which the latter lies at higher energy than 
the former because the b 2 orbital is stabilised more than the e orbitals. 
For the rhenium metal centre in the oxidation state I, the electronic configuration of 
the ground state of the species [ReC1(py) 5 } is (b2
)2  (e)4, which gives rise to the ground 
state term 'A 1 . The full d-orbital sub-shell means that only MLCT bands should be 
observed. Once again the electronic transitions from the b 2 and e sets of orbitals to the 
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Figure 4-38 UV/Vis spectrum of [ReCI(py) 5]21  in 0. 1M [NBu4][BF4]/acetonitri1e at 
255 K. 
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Figure 4-39 TJVIVis spectrum of [ReCl(py) 5 ]3 in 0.1M [NBu4][BF4]/acetonitrile at 
243 K. 
lowest 7t*  pyridine orbitals is fully allowed and therefore we expect to observe two 
MLCT transitions with an energy difference corresponding to the gap between the b 2 
and e orbitals. Figure 4-36 shows that this is indeed what is observed. The absorption 
band at 40590 cm' in Figure 4-36 may be assigned to the intra-pyridine transition. 
Figure 4-37 shows the IJV/Vis spectrum of the in situ electrogenerated species 
[ReCl(py) s]'. In [ReCl(py) 5 ]', the ground state is (b 2)2(e)3 . We expect to observe 
M1LCT transitions from b 2 and e to the it*orbitals  on pyridine ligands which are fully 
allowed by electronic dipole selection rules. These are responsible for the group of 
absorption bands lying closely together centred at 19970 cm. After one electron is 
removed from the degenerate e orbitals, their energy is lowered and therefore the 
metal-to-pyridine charge transfer transitions shift to higher energy (Figure 4-37). 
Since one hole exists in the e orbitals, i.e., (e)3 , one intra-t2g transition, (e )3 	(b2)2 
should be observed. The spectrum shown in Figure 4-37 indicates that there is such a 
band which lies below 4000 cm'. The intra-pyridine ic +— it transition is observed at 
40460 cm -1 . 
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Further oxidation of the above species leads to the starting complex [ReC1(py) 5 ]
2+  
whose UV/Vis spectrum is shown in Figure 4-38. The absorption band at 27900 cm' 
is again assigned to a MILCT transition which is shifted to higher energy compared to 
its reduced analogues. The main contribution to the absorption band at 40180 cm' is 
from the intra-pyridine it - it transition. However, the band is significantly broader 
than in the spectra of [ReCl(py) 5 ] and [ReCI(py) 5 ] 0 which may be caused by 
contribution from both the chloride-to-metal and metal-to-pyridine charge transfer 
transitions. Again, an intra-t2 g transition band, (e) 2 *- (b2)2, is observed in the near 
infrared region below 4000 cm'. 
The UV/Vis spectrum of the species with highest oxidation state in the pentapyridine 
series [ReCl(py)5]z  (z = 0, +1, +2, and +3) is presented in Figure 4-39. In this 
oxidation state, the spectrum is dominated by the intra-pyridine transition at 39570 
cm-1 . Two shoulders at the right hand side of the intra-pyridine transition are assigned 
to chloride-to-metal charge transfer transition. No MLCT transitions are observed for 
the high oxidation state complex and the intra-t2 g transition is predicted to lie below 
4000 cm-1 . 
4.2.7 Spectroelectrochemistry of the Complex, [Re (py) 61 2 
The dark coloured complex [Re(py) 6]2 shows three reversible redox processes in 
0. 1M [N'1Bu4][BF4]/acetonitrile, the Re, Re'" and Re"°" couples, as do the tris-, 
tetra- and pentapyridine complexes. The half-wave potentials for each process are the 
most positive values for any particular couple of the chioro-pyridine rhenium 
complexes studied (see Chapter 3 for more details). The in situ spectral changes 
accompanying the redox processes are shown in Figures 4-40, 41 and 42 respectively. 
The sharp isosbestic points in these figures and the complete restoration of the 
spectrum of the starting complex [Re(py) 6 ]2 indicate that all these redox processes 
are reversible on the time scale of electrolysis in 0. 1M [NBu 4][BF4]/acetonitrile. The 
isosbestic point for the oxidation from Re' to Re" is at 21840 cm -1 (see Figure 4-40). 
In the in situ spectra accompanying the oxidation of Re" to Re (Figure 4-41), the 
isosbestic point is at 28300 cm -1 . A number of isosbestic points at 28100, 32900, 
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Figure 4-40 In situ UV/Vis spectra of the oxidation of [Re(py)6] if  back to [Re(py) 6]2 
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Figure 4-41 In situ UV/Vis spectra of the oxidation of [Re(py) 6] 2 back to [Re(py) 6] 3 
in 0. 1M [NBu4 [BF4]/acetonitri1e at 258 K. 
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Figure 4-42 In situ UV/Vis spectra of the reduction of [Re(py) 6] 4 back to [Re(py) 6 ] 3 
in 0. 1M [NBu4][BF4]/acetonitrile at 258 K. 
37640, 39800 and 44520 cm - ' are observed for the reduction process, the Re' 
couple. 
In the complexes [Re(py)6]z  (z = +1, +2, +3 and +4), the molecular symmetry should 
be Oh, in which the three t 2g based orbitals are degenerate. All the spectra of these 
species are expected to be simpler than the analogous spectra of the other pyridine 
containing complexes in the series of complexes, [R eC16n(py)n}z, since we should only 
observe MLCT transitions. The absence of chloride ligands means that LMCT 
transitions involving the chloride ligand will be missing. In the oxidation state I, the 
electronic configuration of the complex [Re(py)6] 1+  is d 6  , which gives rise to the 
ground state, 'A ig. The MLCT excited state can be formulated as (t2 g)5 (7t*) l . In simple 
terms we would expect to observe only one Re-to-pyridine charge transfer from the 
degenerate t2g  orbitals to the lowest energy it antibonding pyridine orbital. The 
spectrum in Figure 4-43 of [Re(py) 6]' is dominated by a single band envelope in the 
visible region. However, the band undoubtedly shows several peak maxima. The 
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Figure 4-43 UV/Vis spectrum of [Re(py) 6]' in 0. 1M [NBu 4][BF4]/acetonitriIe at 
258 K. 
crystal structure of [Re(py)6] 1+  (see Chapter 2) indicates the Re centre does not have 
strict octahedral symmetry but has a significantly lower symmetry. Thus the t2g set of 
orbitals will not be degenerate and hence we should observe more than one Re-to-
pyridine electronic transition all having similar energies and giving rise to the 
multicomponent peak in the visible spectrum of [Re(py)6] '. The absorption band at 
39940 cm- ' is assigned to an intra-pyridine it — it transition. 
Upon the one electron oxidation to oxidation state II in [Re(py) 6]2 , the electronic 
configuration is d 5 and thus the ground state is 2T2g . Using the same arguments as for 
the complex [Re(py)6} 1,  we can interpret the visible absorption band in Figure 4-44 
as a Re-to-pyridine charge transfer transition. The additional structure on the band 
arises from the decrease in symmetry from Oh  in [Re(py)6] 2 which will remove the 
degeneracy of the orbitals in the complex. The sharp and strong absorption at 39940 
cm' is confidently assigned to an intra-pyridine it +- it transition. 
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Figure 4-44 UV/Vis spectrum of [Re(py) 6] 2 in 0. 1M [NBu4][BF4]/acetonitri1e at 
258 K. 
Figure 4-45 is the UV/Vis spectrum of the in situ electrogenerated species 
[Re(py)6] 3 . In the oxidation state III, one absorption band is observed at 29240 cm - ', 
whose intensity has decreased significantly and its frequency shifted to higher energy 
compared to the analogous band(s) in Figures 4-43 and 44. This band is also due to a 
metal-to-pyridine transition. The absorption band at 39190 cm' is significantly 
broader than the analogous band in other oxidation states. The cause of this broadness 
may be that part of the MLCT transitions are superimposed on the strong intra-
pyridine ir it transition band. 
The UV/Vis spectrum of the in situ electrogenerated species [Re(Jy)6] 4  is shown in 
Figure 4-46. Obviously, the strong absorption band at 39000 cm -1 can be assigned to 
intra-pyridine it - it transition whereas the bands at 26510 cm 1 and the shoulder on 
its left hand side may be assigned to pyridine-to-metal charge transfer transitions. If 
the absorption bands were due to MLCT, the frequencies of these bands should have 
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Figure 4-46 UVIVis spectrum of [Re(py) 6]4 
 
in 0. 1M [NBu4][BF4]/acetonitri1e at 
258 K. 
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shifted further to high energy compared to the analogous band at 29240 cm - ' in Figure 
4-45 instead of to lower energy as observed. 
In all the IJV/Vis spectra of the complexes [Re(py)6]z, there are no intra -t2g 
transitions observed. If the [Re(y)61z  complexes had strict octahedral symmetry, then 
we would not expect to observe any intra -t2g transitions. However, in order to explain 
the more complicated MLCT bands observed in the spectra of the [Re(py)6]z,  we 
suggested that the compounds have lower symmetry but that the splitting of the t2g 
orbitals is small (<4000 cm-') and hence we do not observe these transitions. 
Throughout all the in situ electrolyses, sharp isosbestic points are observed, which 
indicate that all the redox processes for the series of complexes are fully reversible 
and give no formation of any by-products except for the desired redox species. These 
isosbestic points in 0.1M [NBu 4][BF4]/acetonitrile, and 0.5M [N'Bu4][BF4]I 
dichioromethane where available, are tabulated in Table 4-1. The main absorption 
	
bands for all 27 species studied and their molar absorption coefficients 	are 
summarised in Table 4-2 (in 0. 1M [N"Bu 4][BF4]/acetonitrile) and in Table 4-3 (in 
0.5M [NBu4] {BF4] /dichloro methane). 
Table 4-1 Isosbestic points (cm) of the complexes, [ReCl6n(py)n]z  (n = 0 to 
1111 	 Ill/il 	 IVfllI 	 V/IV 
0 	 (39700 29750)t (40000 30200) 
1 27960 38360 (28040 	32780 (32560 
38200) 	 38980) 
2t 	 23080 29600 36620 
39220 
20 	 25940 29520 37600 	29380 39000 
40400 
3 	6400 20000 24180 	25400 (25500) 	31000 (30400) 
39140 41060 
4' 20720 28500 41100 	24400 44600 (24000 32600 42240 44800 
40000 40040 44200) (32200 41720 44100) 
5 	21800 37800 41200 	26780 45980 	24480 38000 41100 
45040 
6 	21840 	 28300 	 28100 32900 37640 
39800 44520 
t Data in parenthesis were collected in clichloromethane. t In ionic liquid electrolyte solution. c = 
cis, m = mer, t = trans. 
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Table 4-2 IJVIVis absorption bands of the complexes [ReCl(py)] in UM 
[N"Bu4] [BF4]/acetonitrile 
T(K) complex Absorption bands (cm') and cx 10-3 (dm3 mol' cm) (in parenthesis) 
263 t[ReClpy] 39310 (8.0) 28870" (12.7) 21530 (4.6) 
263 t[ReClpy]' 35610 (16.8) 
263 [ReCI 5py] 2 40850 (15.5) 39700sh 24249d (4.2) 18250 (6.1) 16960" 
263 tc[ReC1(py)21 37264(23.4) 
248 c[R(py)]I 40000 (16.8) 25590d  (59) 19190d  (7.3) 4800 (0.3) 
248 tc[ReC1,(py)2]2  41510 (17.7) 23040 (16.0) 19310 (10.7) 14510 (13.3) 12240" 8510 
(1.5) 6040 (2.2) 
248 t[ReC14(py)2]' 40590 (13.3) 25800d  (4.2) 18410 (7.1) 
248 tt[ReCL(py)] 2 40520 (13.8) 18460 (13.4) 17100sh  15020 (13.6) 12800" 9025(l.7) 
6410(l.8) 
263 tmEReC13 (Py)3]l+ 40260 (17.9) 
263 m [ReC13(py)3] 40400 (15.9) 28900 (5.6) 23470" (7.3) -5100 (0.4) 
240 tm[ReCI3(py)3]I-  40610 (16.6) 19190" (17.0) 16630" (16.5) 5400 (2.9) 
240 tm[ReCI3(py)312.  41190 (14.3) 25180 (8.4) 18420 (28.5) 15400 (16.4) (rich in shoulders) 
263 tt[ReC1(py)]2+  40000 (36.8) 28380 (6.6) 
263 t[ReC12(py)41' 40000 (27.6) 31610 (10.4) 26800" (13.4) 5090 (1.4) 
248 ttIReCl(py)J 40660 (32.0) 20850" (32.6) 15120" (13.5) 5090 (6.5) 
248 ttEReC1(py)11  41060 (31.8) 19280 (79.0) 12190 (34.6) 9600' 
243 t[ReCl(py)5]3+  39570 (36.2) (three ill-resolved bands at its right side) 
243 [ReCl(py)5]2 401801) (26.9) 27900 (9.8), One band is <4000 
243 t[ReC1(py)5]'+  40460 (26.3) 19970d&b  (22.0) 22003h  One band is <4000 
243 t[ReCI(py)5 ] 40590 (23.8) 27660 (4.6) 19590' (38.9) 15880 (32.9) 
258 t[Re(py) 1 4+ 39000 (49.3) 26510 (13.9) 
258 t[Re(py)]3+ 39190 (46.1) 29240 (12.5) 
258 [Re(py)6] 2 39940 (42.2) 21200 (35.5) (two shoulders at each side) 
258 t[Re(py)] 1+ 39940 (35.4) 19305 (63.4) 17170 (55.2) 
t Electrogenerated in situ, b = broad, d = doublet, sh = shoulder, c = cis, m = mer, t = trans. 
Table 4-3 UV/Vis absorption bands of some of the complexes [ReCl 6 (py)] in 
0.5M [NBu4] [BF4]/dichloromethane 
T(K) Complex Absorption bands (cm') and c x 10-3 (dm3 m01 1 cm) (in parenthesis) 
263 t[ReC1] 1 39600 (2.2) 34400 (3.1) 29760 (15.6) 21830 (6.3) 14000 (0.4) 
263 [ReC16] 2 38170 (10.6) 35310 (16.2) 33600" 31020 (3.4) 
243 t[ReC1e] 3 41120 (13.7) 
258 tEReCl5pyl 38940 (7.9) 28670 (14.0) 21260 (4.8) 
258 [ReCl5py] 35410 (16.8) 
258 t[ReClpy] 2 40590 (13.4) 39400" 24300 (3.7) 23200" 18330 (5.6) 17000"' 
268 tm[ReC13(py)3]+  39700 (19.7) 34840 (15.7) 
268 m [ReC13(py)3] 39960 (19.1) 28600 (6.2) 22800 (7.7) 
268 tm[ReC13(py)3]I  40200 (17.5) 17000 (16.6) 16440 (16.6) 
263 tt[ReC12(Py)4]2+  39620 (28.3) 34200 (12.9) 28030 (5.3) 
263 t[ReCl2(py)4]' 39680 (21.4) 31060 (8.0) 26570 (10.2) 5220 (1.0) 
263 ttlReC1(py) 1 40130 (21.9) 20710 (19.4) 15069 (8.5) 5060 (4.8) 
t Electrogenerated in situ. I In ionic liquid electrolyte solutioon. sh = shoulder, m = mer, t = 
trans. 
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4.2.8 Variation of the Charge Transfer Transitions with both the Stoichiometry 
and the Oxidation State 
The UVIVis spectra of all 27 accessible species of the complexes [R eC16n(py)n]z (n = 
o to 6) are shown in Figure 4-47. Except for the spectra of the hexachiororhenate 
complexes [ReC16]z  (z = -1 to -3), the absorption band at Ca. 40000 cm' is assigned 
primarily to the intra-pyridine it' — it transition. The absorption frequency of this 
transition does not change significantly with either the complex stoichiometry or the 
oxidation state of the metal centre (see Tables 4-2 and 3). In fact, it is relatively 
insensitive to coordination to the metal centre since uncoordinated pyridine has 
absorption bands at 39200 and 40000 cm'.' However, complexes containing the Re 
centre in the oxidation state III and IV also exhibit chloride-to-metal charge transfer 
absorption bands at very similar energies to the intra-ligand transition, which is very 
obvious if we refer to the spectra of the complexes [ReC16]z  (z = -2 and -3) (see 
Figures 4-47 and 4-1, 4-5). Therefore, we often observed a broadened transition at 
40000 cm' due to the superposition of the intra-pyridine it +- it transition on the 
LMCT transitions depending on the stoichiometry and oxidation state (see Figure 4-
47). 
For the series of complexes [R eC16n(py)n]z, when the oxidation state of the metal is 
between III and I, i.e., the electronic configurations d 4, d5 and d6, the observed 
absorption bands are assigned to three types of transitions, i.e., intra-ligand, MLCT 
and intra-t2g transitions. In these low oxidation states, the main absorption bands in 
the visible region and near ultraviolet region steadily shift to higher frequencies with 
the increase in the oxidation state for each member of the series [ReCl6(py)]Z• 
Comparison of the MLCT bands in Figure 4-47 also show that these absorption bands 
shift to lower energy with decreasing n values in the complexes [ReC16n(py)n]z  in the 
three oxidation states, III, II and I. These variations in energy of the absorption bands 
with changing oxidation state and stoichiometry are the basis we have used to assign 
them to metal-to-pyridine charge transfer transitions. This variation of MLCT 
transitions with the number of it-acceptor ligands has also been observed in the series 
of ruthenium complexes [RuC16(NCPh)]z.3 
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Figure 4-47 UV/Vis spectra of the 27 species, [ReCl6n(py)n]z . 
Opposite trends are observed for the chloride-to-metal charge transfer transitions. 
The variation of the LMCT energy with metal oxidation state is well demonstrated by 
the UV/Vis spectra of the complexes [ReC16]z  (z = -1,-2 and -3) as shown in Figure 4-
47. These spectra clearly show that the higher the oxidation state, the lower the 
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energy of the LMCT transitions. The variation of the LMCT energy with the 
stoichiometiy in this series of complexes is not so straightforward as with the 
oxidation state. In low oxidation states, the absorption bands in the spectra are 
dominated by the MLCT transitions as discussed above. Complexes containing the 
metal in oxidation state IV should exhibit LMCT transitions but unfortunately they are 
always very close to the intra-pyridine transition as indicated above. However, careful 
examination of the spectral shape of the 40000 cm' band in the complexes 
[R16..(py)]Z (n = 1 to 5) containing Re" shows that the spectral shape varies from a 
broad band, where the LMCT transitions are superimposed on the intra-pyridine 
transition, to a band containing shoulders or separate peaks close to the intra-pyridine 
transition. Such changes in the spectral shape suggest that the LMCT transitions shift 
to low energy with the increase in the number of the it-acceptor ligands. This trend is 
more clearly demonstrated by the LMCT transition absorptions in the series of 
ruthenium complexes [RuC16(NCPh)]z  containing Ru(III) . 
4.2.9 Correlation between Half-wave Potential and Charge Transfer Transition 
Energies 
The energy required for adding one electron to a LUMO or removing one electron 
from a HOMO in a molecule can be correlated with half-wave redox potentials as 
demonstrated in Scheme 1-1 in Chapter 1. Therefore, we might expect a linear 
correlation between the half-wave potential and the energy of the LUMO or HOMO. 
Such linear correspondences were first observed for some organic compounds. 10-13  If 
such a correlation holds for charge transfer in organic molecules, then we might 
expect a similar correlation for either LMCT or MILCT transitions in a given transition 
metal complex. In fact, such a correlation has been widely observed in transition metal 
complexes, e.g., in some iron-cyanide complexes, 14  and ruthenium-nitrile complexes. 2 
In the series of complexes [R eCl6n(py)n]z ,  similar correlations are also observed. 
Figure 4-48 shows the correlations between the half-wave potential of the redox 
couples Re", Re" and Re" and the energy of the MLCT transitions of the 
complexes [ReC16n(py)n]z  (n = 3, 4, 5 and 6) in oxidation states I, II and III. Since the 
half-wave potential increases steadily with the number of pyridine ligand, these 
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Figure 4-48 Correlation between the MILCT energy and the half-wave potential (E 112) 
for the redox processes, Re", Re"'"' and Re"''. (.), [Re(py)6]z,  (.), ReC1(py)5]z, (A), 
[ReC12(py)4]z and (v), {ReC13(py)3 }z . 
correlation lines should be roughly parallel to each other. This is indeed observed for 
the complexes [ReCl(py)5]z  and [Re(py)6]z  (Figure 4-48). However, for the complexes 
mer [ReCl,(py),]z and trans- [ReC12(PY)4] z, the two linear lines deviate significantly 
from such a parallel relationship. The main cause for this deviation is probably that the 
MILCT transitions split significantly due to either the multiplicity of the transition itself 
or the low symmetry of the complexes and hence it becomes ambiguous which peak 
maximum should be selected for the correlation plot. 
4.2.10 Intra-t2g Transition and the Splitting of the t 2g-Based d Orbitals 
The degeneracy constraint of the three t 2g-based d orbitals, d,,, d and in an 
octahedral complex, will be lifted when the symmetry of the complex is reduced from 
Oh to lower symmetry. When the three d orbitals are partly filled, d---d transitions are 
possible, which are known as intra -t2g transitions. The d—d transitions are forbidden 
according to the parity selection rule, i.e., Laport&s rule. When such a transition is 
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observable, due to the relaxation of the rule, it will be rather weak. However, when 
the complex lacks a centre of inversion as found in low symmetry complexes, the 
parity selection rule forbidding d—d transitions is relaxed" and therefore, such intra-
t2g d—d transitions gain intensity and may be observed. 
Usually, the splitting energy within the t2g  subset of d orbitals is much smaller than 
that of the ligand field splitting energy A 0 . Therefore, any electronic transitions arising 
within the intra -t2g subset usually lie in the near infrared region, e.g., around 5000 cm' 
or smaller. Due to the relaxation of the parity selection rule, the intra -t2g transitions 
are either orbitally allowed or spin allowed and therefore it is expected that such intra-
t2g transitions will be relatively intense. The molar absorption coefficients of the 
absorption bands in the infrared region of the UV/Vis spectra of the complexes 
[ReCl6n(py)n]z (n = 2, 3, 4 and 5) indeed vary from hundreds to thousands depending 
on the d electron configurations of the these complexes (see Table 4-2). 
The data provided in Table 4-2 indicate that the absorption bands in the infrared 
region are stronger when the metal centre has a d 5 electronic configuration compared 
to when the metal centre has a d 4 electronic configuration. However, when the t2g 
based orbitals are fully filled as in Re', no such transition is possible. Hence, these 
absorptions in the infrared region may be confidently assigned to intra -t2g transitions 
as discussed earlier. For Re(IV) where the electronic configuration is d 3 , no intra-t2 g 
transitions were observed. This is probably because the transition probability is greatly 
reduced in this oxidation state, and secondly the it-interaction between the t 2g-based 
orbitals and the it-acceptor ligands which results in the non-degeneracy of the t2g 
based orbitals is weakened. This it-interaction is the main contribution to the splitting 
of the t2g-based d orbitals (vide infra), and therefore any absorption arising from the 
intra-t2g transitions may lie at rather low frequency in Re(IV) containing complexes 
where the spectra are dominated by solvent absorption bands. 
Obviously, the variation of the intra -t2g transition with both oxidation state and 
stoichiometry reflects the splitting of the t 2g-based d orbitals. For the complexes 
{ReC160(py)n]z (n = 2, 3, 4 and 5), the splitting of the t2g-based d orbitals is 
schematically shown in Scheme 4-1. It is noteworthy that the data summarised in 
Scheme 4-1 show that the variation of the intra -t2g transitions with the electronic 
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configurations of the metal centre depends greatly on the stoichiometry of the 
complexes. The influence of the electronic configurations on the frequency of the 
intra-t2g transitions is small when the number of the pyridine ligand is more than three. 
We attribute this observation to the it-interaction between the three t 2g-based orbitals 
and the ic-acceptor ligands. In the complexes [R eCl6n(py)n]z (n = 3, 4 and 5), all the 
three t2g-based orbitals interact with the pyridine ligands and therefore, the change in 
the electronic configuration of the metal centre does not significantly alter the energy 
level of the three t 2g-based orbitals. 
[ReC16.(Py)nJz 	fl = 2' 	 n = 2' 	 n = 3 	 n = 4 	 n = 5 
b1 4-. -- b, 	4_ b2g 	4. b 	-11- 	e8 
a2+ 	+4eg 	
4b 
a2 	-.4_ b, 
6040 em- ' 	6408 cm-' 5400 cm- ' 	5092 cm- ' 	 Ca. 5000 cm 
4- 	4--t- 
4 
4800 cm" 	 * 	 5100 cm' 	5092 cm-' 	 ca. 5000 cnf' 
c = CS, t = trans, * below 5000 cm'. 
Scheme 4-1 Splitting of the the t 2g-based orbitals in [ReC16n(py)n]z and corresponding 
intra-t2g transitions. 
However, the intra-t2 g transitions of the isomeric pair, trans- and cis_[ReCL1(py)2]z, 
vary significantly with the electronic configuration (Scheme 4-1). In the trans isomer, 
the highest occupied orbital d, (b2g) has no it-interaction with the pyridine ligand 
whereas in the cis isomer, all the three t28-based orbitals interact with the pyridine 
ligands. These different interactions are also the cause for the difference in frequency 
of the MILCT transitions mentioned earlier and the difference in the electrochemical 
behaviour as discussed in the previous chapter for this isomeric pair. Consequently, 
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when the metal centre has a d 4 electron configuration, the intra-t2 g transition band is at 
4800 cm-1 for the cis isomer whereas for the trans isomer, no such transition band has 
been observed above 4800 cm', and presumably the absorption band lies below 4800 
cm'. 
We do not observe any intra-t2 g  transition for the complex [ReCl5py] . However, 
when the pyridine ligand is substituted by a stronger it-acceptor such as benzonitrile, 
an intra-t2g transition band is observed at 5600 cm' (see Chapter 5). Therefore, it is 
very clear, from the above discussions, that the splitting of the t 2,-based d orbitals is 
mainly determined by the it-interaction between the metal centre and the ligand set. 
4.3 Conclusions 
The series of complexes [R16(py)]Z  (n = 0 to 6) exhibit tremendously rich 
electrochemical behaviour in 0. 1M [NBu4][BF4]/acetonitrile as discussed in the 
previous chapter. Most members of the series display as many as three redox 
processes which are fully reversible on the time scale of electrolysis under our 
experimental conditions. The reversibility has enabled us to spectrally access 27 
different species using spectroelectrochemical techniques. Thus, the UV/Vis spectra 
of these species have been recorded (see Figure 4-47). Such a comparative study has 
then allowed us to assign electronic transitions to the absorption bands, something 
which is notoriously difficult to do for one isolated absorption spectrum. 
The studies of the electronic spectra of the binary complexes [ReC16n(py)nJz  reveal 
that with the increase in the number of pyridine ligands bound to the Re centre, the 
energy of the MLCT transitions shifts to higher frequency whereas the energy of the 
LMCT transitions shifts to lower frequency. The mutually opposing trends of the 
variation of the charge transfer transition energies are to be expected. The increase in 
the number of bound pyridine ligand leads to the stabilisation of the metal-based t2g 
orbitals (see Schemes 1-7 and 8 in Chapter 1). Similar mutually opposing trends for 
the two types of charge transfer transitions with the increase in oxidation state of the 
metal centre are also observed. The higher the oxidation state, the lower the energy of 
the LMCT transitions whereas the higher the energy of the MLCT transitions. The 
variation of the energy of the charge transfer transitions with the oxidation state of the 
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metal centre indicates that the energy of the metal-based HOMO is lowered upon the 
removal of electrons from the metal centre. 
The UV/Vis spectra shown in Figure 4-47 reveal that when the Re centre is in a low 
oxidation state, the spectra are dominated by MLCT transitions whereas in high 
oxidation states, the dominant transitions are LMCT absorptions. The oxidation state 
III is a critical oxidation state where the electronic density on the metal centre permits 
observation of both MLCT and LMCT transitions. 
There have been few reports in the literature on intra -t29 transitions, especially 
systematic studies such as have been conducted in this research. Most of the species in 
the series of complexes [ReC16..n(py)n]z exhibit such absorption bands for several metal 
oxidation states. The variation of the intra -t2g transitions with both metal oxidation 
states and stoichiometry leads us to conclude that the splitting of the three t2 g-based d 
orbitals is mainly governed by the it-interaction between the metal centre and the 
ligands coordinated to the metal core. 
Therefore, there is no doubt that the electrochemical and spectroelectrochemical 
studies of such binary complexes provide us with much useful information at the 
molecular orbital level which can be used to elucidate the change in energy of the 
metal-based orbitals under the influence of the coordination set of the ligands to the 
metal centre. 
Note that the energy of the intra-pyridine transition does not vary significantly with 
both oxidation state and stoichiometry. However, the variation in its intensity is 
obvious, which is due to other charge transfer process occurring at similar energies. 
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CHAPTER FIVE 
COMPLEXES OF [ReC1 5LJ 1 , L=ACETONITRILE, 
BENZONITRILE AND PYRIDINE 
—Electrochemistry, Kinetic Studies and Extended HUckel 
Molecular Orbital Calculations 
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5.1 Introduction 
In the studies of the synthetic and crystallographic chemistry of rhenium, a large 
number of complexes containing the [ReC1 5 ] 1 unit have been reported. 
1-8  The unit can 
coordinate to a wide variety of ligands, from cr-only donors to it-donor and it-
acceptor ligands. The reaction of rhenium pentachloride with 1:1 mole equivalents of 
tetraethyl- or tetra-n-propyl ammonium chloride in dichioromethane under anhydrous, 
oxygen-free conditions, affords the rhenium (IV) species of stoichiometry 
[R4N]ReC15 which contains the polymeric octahedral anion, {[ReC1 5 ] 1 }.' The anion 
reacts with a variety of monodentate ligands L, to produce the pseudooctahedral 
anion, [ReCl5L]', where L = acetonitrile, pyridine, pyrazine, DMF, DMSO, 
triphenylphosphine, thiourea and water. The complex, [ReC1 5(NCCH3)]', can also be 
prepared from the reaction of lithium chloride with ReC1 5 in the presence of 12- 
crown-4 in an acetonitrile solution. 2 The thiourea complex was prepared from the 
reaction of thiourea with [Re0 4]'' or [ReC1 6 ]2 in HCl solution.' The complex 
[ReC15 (OH2)] was air unstable  presumably because H 20 is a cs-only donor ligand 
whereas the other stable complexes contain ligands with it properties. Other ligands 
which can form this type of complexes with rhenium (IV) include nitric oxide,' 
diphenylacetylene, 6 selenocyanate7 and thiocyanate. 8 For ambidentate ligands, both 
linkage isomers form except for thiourea where only the sulphur atom coordinated 
complex formed. 7 '8 Many of these complexes have been characterised 
crystallographically and all have been extensively studied spectroscopically. 
In the particular case, where L = chloride, the complex formed is hexachlororhenate 
(IV), [ReCI6]2 . This complex undergoes a reversible one-electron oxidation process at 
+1.34 V and an irreversible reduction process at -1.12 V in 0.5M [NBu 4] [BF4] 
/CH2C12 . 92 In marked contrast the electrochemical behaviour of [ReCl5py] 
1-  (see 
Chapter 3), shows a reversible one-electron reduction process even on the time scale 
of electrolysis at room temperature. Therefore, there is no doubt that the 
electrochemical behaviour of a complex reflects the electronic character of the metal 
centre in the complex. However, there have not been any reports of electrochemical 
studies for this type of complex. In this chapter, three complexes [ReCl 5L], where L 
= CH3CN, PhCN and pyridine, have been extensively studied in an attempt to 
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correlate the stability of the complexes with the electronic properties of the ligands 
using electrochemistry, spectroelectrochemistry, and extended Mickel molecular 
orbital calculations. 
5.2 Experimental 
The complexes were made from [NBu 4]2 [ReCl6] using AgBF4 as a chloride 
abstractor in the solvent of choice. The general reaction is as follows: 
[N"Bu4]2 [ReC16] + AgBF4 + L -+ [N'Bu4][ReCl 5L] + AgCl' + [N°Bu4][BF4] ( 1) 
[NBu41 [ReCI5(NCCH3)J. [N°Bu4]2[ReC16] ( 100 mg, 0.11 mmol) was added to 
CH3 CN (purified, 10 ml) in which AgBF 4 (24 mg, 0.12 mmol) had been previously 
dissolved. The solution was refiuxed for Ca. one hour under nitrogen after which time 
the solid material was filtered off After the evaporation of the solvent under vacuum, 
dry ethanol (ca. 1 ml) was added and the desired crystalline solid resulted. The banana 
yellow/green crystalline solid (61 mg, yield 83%) was washed with dry ethyl ether and 
was collected and dried in vacuo at room temperature for one hour. C, H, N analysis 
for C 18H39N2C15Re: cal., 33.41, 6.08, 4.33, found, 33.76, 6.42, 4.32(%). 
INBu41 IReC15(NCPh)II. [N'1Bu4]2 [ReC16] (200 mg, 0.22 mmol) was added to 
PhCN (stored over roasted alumina for two days, 5 ml) in which AgBF 4 (45 mg, 0.23 
mmol) had been previously dissolved. The solution was heated for ca. one hour 
between 60 and 80°C under nitrogen. The precipitate formed during the reaction was 
filtered off with celite. To the filtrate, a large amount of dry diethyl ether was added 
and the cloudy mixture was left in a freezer overnight. Banana green crystals (146 mg, 
yield, 90%) of the desired product were collected by filtration and then washed with 
dry diethyl ether. Further recrystallisation from a solution of CH 2C12/C2H5 0H was 
necessary to remove any residual benzonitrile. C, H, N analysis for C 23H41N2C15Re: 
cal., 38.96, 5.83, 3.95, found, 38.83, 5.82, 3.90(%). 
[N°Bu4]2[ReC16] ( 100 mg, 0.11 mmol) was added to pyridine 
(dried over roasted alumina, 5 ml) in which AgBF4 (28 mg, 0.14 mmol) had been 
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previously dissolved. The solution was heated for Ca. two hours at 115°C under 
nitrogen. The solvent was then removed under vacuum. To the residue, CH 2C12 was 
added and a white precipitate formed immediately which was filtered off with celite. 
The CH2C12 solvent was removed under vacuum. Dry ethanol was added, from which 
banana green crystals (65 mg, yield 84%) were isolated, washed with cold ethanol and 
then dry diethyl ether. Further purification was performed by dissolving the crystals in 
CH2C12. Ethanol was then added and the solution was left in a freezer. Turquoise 
crystals accrued. The complex can also be made from other methods (see Chapter 2). 
C, H, N analysis for C 21H41N2C1 5Re: cal., 36.82, 6.03, 4.09, found, 37.07, 5.85, 
4.11(%). 
5.3 Results and Discussion 
5.3.1 Characterisations of the Compounds, Crystal structure, ER Stretching 
Frequencies and UVIVis Spectra 
The crystal structure of the complex [ReCl 5(NCPh)]' and selected bond distances 
and angles are shown in Figure 5-1 and the crystallographic details for the complex 
[ReCl5 (NCPh)] 1 are tabulated in Appendix II. As anticipated the structure reveals the 
rhenium metal centre in a pseudo octahedral geometry. The Re—Cl bond trans to the 
ligated benzonitrile group is significantly shorter than the other Re—Cl bonds which 
is as expected for the relatively high oxidation state Re(IV) bound to a it-donor (Cl) 
trans to a cy-donor/weak it-acceptor NCPh ligand. The Re—NC linkage is almost 
linear as expected. Interestingly the phenyl ring is oriented along an equatorial trans 
C1­—Re­—C1 vector which is in marked contrast to the pyridine ring in the complex 
[ReCl5py] 1 in which the pyridine ring bisects an equatorial cis Cl—Re--Cl unit (see 
Chapter 2). We suggest that the additional two-atom linkage group in NCPh between 
the rhenium metal and the phenyl ring permits the compound to adopt the preferred 
geometric/electronic arrangement and that the geometry of the complex [ReCl 5py]' is 
governed by steric effects. The crystal structure of complex [ReCl 5 py]' is presented in 
Chapter 2. The structure of the complex [ReCl 5(NCCH3)]' has been previously 
reported .2  Table 5-1 tabulates comparative bonding parameters for the three 
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Figure 5-1 Single crystal structure of the complex [ReCI 5(NCPh)]' and the selected 
bond lengths (A) and angles (°). 
Re(1)-N(1) 2.098(5) Re(1)-Cl(1) 2.3131(14) 
Re(1)-CI(3) 2.3256(16) Re( 1 )-Cl(4) 2.3408(15) 
Re(l)-CI(2) 2.3481(15) Re( I )-CI(5) 2.3488(16) 
N( I )-Re( I )-C1( 1) 178.05(14) N(l )-Re( I )-Cl(3) 87.50(14) 
CI( I )-Re(1 )-CI(3) 92.22(6) N( I )-Re( 1 )-Cl(4) 85.50(14) 
Cl( 1)-Re( 1 )-CI(4) 92.57(5) C1(3)-Re( I )-CI(4) 90.56(6) 
N( I )-Re( I )-C1(2) 89.53(14) Cl( I )-Re( I )-Cl(2) 92.40(6) 
Cl(3)-Re( I )-Cl(2) 89.74(6) Cl(4)-Re( I )-Cl(2) 175.00(5) 
N( 1)-Re(1 )-C1(5) 87.01(14) CI( I )-Re(1 )-Cl(5) 93.28(6) 
Cl(3)-Re( 1 )-Cl(5) 174.49(6) Cl(4)-Re( 1 )-C1(5) 89.47(6) 
C1(2)-Re( I )-Cl(5) 89.75(6) C( I )-N( I )-Re( 1) 173.9(5) 
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complexes. The Re—C1 bond distances are, within experimental error, the same. 
However, the Re—N bond length in [ReC1 5 (NCPh)] 1 is significantly shorter than in 
the other two compounds which show similar bond lengths. The bond distances do 
not appear to reflect bond strength (vide infra). 
Table 5-1 Comparison of bond distance for the complexes, [ReC1 5L]' 
Bond 	[ReC15(NCCH3)] 1- a  [ReCI5(NCPh)]' 	[ReCl 5 py]' 
Re—N(A) 	2.15(2) 	 2.098(5) 2.153(5) 
Re___Clb(A) 2.334(4) 2.335(15) 	2.342(2) 
a. From reference 2; b. Average bond distance. 
The infrared stretching frequencies of the CN group for the complexes 
[ReC15(NCCH3)]' and [ReC1 5(NCPh)]' and the free ligands are tabulated in Table 5-
2. Our values for the stretching frequencies in the complex [ReCI 5 (NCCH3)]' are in 
good agreement with those obtained by other authors.' The VcN  frequencies of the 
bound ligands are significantly higher than the analogous frequencies of the free 
ligands. The increase in frequency indicates that there is no it-back bonding from 
metal-to-ligand which would result in a decrease in the bond order of the CN group 
which would give rise to a decrease in the stretching frequency. In other words, the 
coordination bond between the ligand and the metal is of cr-only character. 
Table 5-2 VCN  infrared stretching frequencies (cm) 
for the complexes, [ReCI 5L]' and free ligands 
complex 	[ReC15(NCCH3)1 - 	[ReC15 (NCPh)f 
ligateda 2296, 2323 2269 
freeb 	 2254, 2292 	 2227 
a. In nujol, b. Pure solvent. 
The most straightforward example of this type of behaviour is in the adduct, H 313 
—CO. Boron can be regarded as a central atom void of it-donor character. 
Backbonding effects are therefore absent and the CO stretching frequency is shifted to 
a higher wavenumber (Vco = 2164 cm - ') in the compound compared to 2143 cm' of 
the free CO molecule. 13  On the other hand, if cy-donor interaction between a metal and 
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CO originates from anti-bonding molecular orbital, e.g., *, the frequency of the 
relevant stretch should increase as well. 13 
Cyanide, CN, is isoelectronic with CO with ten valence electrons. It is not surprising 
that the stretching frequencies of the CN group in transition complexes are higher 
than in the simple Cif ion when metal-to-ligand charge transfer is absent. '4' 15 The 
increase in frequency is also observed for the complexes of rhenium (IV) such as 
[ReC1 5 (NCS)] 2 , where the stretching frequency of the group, VCN, increases from 
2020 cm' to 2070 cm' from the uncoordinated NCS to the coordinated NCS. 8"4 
But surprisingly, in the selenocyanogen analogue of Re", [ReC1 5 (NCSe)] 2 , v = 2068 
cm' , 7  the stretching frequency for the CN group is almost unchanged compared to 
the simple ion, SeCN, v = 2070 cm 1 . 16 However, if we consider the frequency of the 
neutral molecule, (SeCN) 2, v = 2152 CM-1,17  then the frequency is much higher than 
the frequency for the complex [ReC1 5(NCSe)] 2 . This means that adding one negative 
charge weakens the triple bond between C and N and thus it can be deduced that the 
electron is filling in anti-bonding molecular orbital in the molecule of SeCN. For 
organic cyanides, for example, acetonitrile, then it too is isoelectronic with CO if the 
molecule is treated as the combination of CN and 'CH 3 . Therefore, the increase in 
frequency for VCN  could be accounted for in the same way as above. When the metal 
is in a low oxidation state and low energy MLCT transitions can be observed, then the 
VCN is seen at lower frequencies than that of the free ligand as shown in the complex 
[Re(NCCH3)2(dppe)2] 1+  which contains Re(I) (dppe = diphenylphosphineethane) and 
the stretching frequencies VC—=N  are 2230 and 2220 cm', for uncoordinated and 
coordinated CH3CN respectively.' 8 
The dichioromethane solution UV/Vis spectra of the complexes [ReCI 5(NCCH3)]', 
[ReC1 5 (NCPh)]' and [ReCl 5py]" are shown in Figures 5-2, 3 and 4. The main 
absorption bands in the three spectra are at around 35100 cm' and are remarkably 
similar. Thus we can confidently assign them to a Cl-to-metal charge transfer 
transition. The similar UV/Vis spectra for the complexes indicate that these ligands do 
not significantly alter the energy levels of the d orbitals of the metal centre presumably 
162 
CHAPTER 5 COMPLEXES OF[ReCI5LJ', L = ACETONJTPJLE, BENZONITPJLE AND PYRIDINE 
because of the lack of it backbonding interactions between the metal and the ligands 
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Figure 5-2 UV/Vis spectrum of [ReC15(NCCH3)]' in 0.5M [NBu4][BF4]/ 







40000 	30000 	20000 	10000 
CM 
Figure 5-3 UV/Vis spectrum of [ReC15(NCPh)] in 0.5M [NBu4][BF4]/ 
dichioromethane at 233 K. 
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Figure 5-4 UV/Vis spectrum of [ReCl 5py] 1 in 0.5M [NBu4] [BF4]/dichloromethane at 
258 K 
5.3.2 Electrochemistry and Kinetic Studies 
The complexes [ReC15L]' (L = acetonitrile, benzomtrile and pyridine) exhibit two 
redox processes, one of which is the reduction, ReIV + e —+ Rem, the other oxidation, 
ReV - e —* Re". The cyclic voltammograms of the three complexes in 0.5M 
[NBu4[BF4]/dich1oromethane are presented in Figures 5-5, 6 and 7. The potentials 
for the two processes vary slightly with solvents, which are tabulated in Table 5-3. 
The slight shift in potential with solvents may be due to junction potentials in the 
system. The reduction potentials shift positively in the sequence pyridine, acetonitrile, 
benzonitrile. The shift in potentials is consistent with the value of the ligand 
parameters, Epy = 0.25 V, EMCCN = 0.34 V as declared by Lever. 19 Based on the ligand 
parameters of the complexes [ReC15(NCCH3)] 1 and [ReCl5py] 1,  the ligand parameter 
for ben.zomtrile is estimated at 0.41 V by using the potentials of the ReI'hI  redox 
couple. Nitrile ligands have two orthogonal 2.*.orbitals  and should have better it-
acceptor capabilities than pyridine .20,2'  Thus we would expect the nitrile ligands to 
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-1.50 -1.00 -0.50 	0 	0.50 1.00 1.50 2.00 
E (V, vs. AgCIIAg) 
Figure 5-5 Cyclic voltammogram of [ReC1 5(NCCH3)]' in 
0. 5M [NBu4][BF4]/dichloromethane at room temperature. 
-2.00 -1.50 -1.00 -0.50 	0 	0.50 1.00 1.50 2.00 
E (V, vs. AgCLIAg) 
Figure 5-6 Cyclic voltammogram of the complex [ReC1 5(NCPh)]' 
in 0.5M [N'Bu4][BF4]/dichloromethane at room temperature. 
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-1.50 -1.00 -0.50 	0 	0.50 1.00 1.50 2.00 
E (V, vs. AgC1/Ag) 
Figure 5-7 Cyclic voltammogram of [ReCl 5py]' in 0.5M 
[NBu4] [BF4]/dichloromethane at room temperature. 
stabilise lower oxidation states better than pyridine; that is, it should be easier to add 
an electron to a metal centre ligated to a nitrile than ligated to a pyridine. Table 5-3 
shows that this is indeed borne out experimentally. From pyridine to benzonitrile, the 
order of the it-acceptor strength as observed in terms of the potential shift is, 
benzonitrile> acetonitrile > pyridine. 
Table 5-3. Potentials, E 112, for the complexes [ReC1 5L]' in different solvents 
L = py 	 L = NCCH3 	L = NCPh 
Solvent 	Re' 	Re' 	Rerv/m 	Re' Re' 	Re" 
CH202 -0.54 1.71 -0.43 1.72 	-0.37 1.73 
PhCN 	 -0.47 	1.66 
CH3CN -0.48 	1.79 	-0.50 	1.73 	-0.38 1.77 
pyridine 	-0.68 
On the other hand, the oxidation potentials of the oxidation process, Re" - & - 
Re", for the three complexes are very similar in 0.5M [NBu 4][BF4]/dichloromethane 
(see Table 5-3), which suggests that for the oxidation process, the five chloride 
ligands play a much more important role than does the ligand L (L = acetonitrile, 
benzonitrile and pyridine). This is not surprising since chloride ligands are it-donor 
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ligànds which can stabilise the high oxidation state of a metal centre. However the 
ligands L (acetonitrile, benzonitrile and pyridine) are it-acceptor ligands which can 
stabilise the low oxidation state of a metal centre. Therefore, the altering ligand L in 
the complexes [ReC1 5L] 1 will significantly affect the reduction potentials for the 
redution process Re" + e -* Rem but hardly influence the oxidation potentials for 
the oxidation process Re" - e -> Re". 
However, upon reduction, the order of stability of the reduced species does not 
follow that of the it-acceptor strength which is rather surprising. Among the three 
complexes discussed herein, [ReCl 5py]' shows a reversible reduction process, Re" + 
& - Re", even on the time scale of electrolysis at room temperature, and a quasi-
reversible oxidation process on the time scale of cyclic voltammetry, which becomes 
fully reversible at low temperature (see Figure 5-7). 
The complex [ReC1 5(NCCH3)]' exhibits two redox processes in both 
dichloromethane and acetonitrile solvents. The reduction process in dichioromethane, 
Re" to Re", is irreversible as shown in the cyclic voltammogram (Figure 5-5) and is 
followed by a rapid chemical reaction (EC process). The daughter product of the 
chemical reaction is also redox active and gives an intense irreversible reduction 
process at -1.20 V. The amplitude of the process decreases with decreasing 
temperature. If the temperature of the solution is low enough, the reduction process 
will be fully reversible even on the time scale of an electrolysis experiment which 
makes a further experiment possible (vide infra). On the other hand, the cyclic 
voltammogram of the complex [ReC[5 (NCCH3)] 1 in acetonitrile shows that the one-
electron reduction process at -0.50 V is reversible and there is no reduction process at 
-1.20 V even at room temperature. 
In order to elucidate the EC process, a bulk electrolysis of the complex 
[ReC1 5 (NCCH3)]' in 0.5M [WBu4][BF4]/dichloromethane was carried out at -0.80 V 
at room temperature. Both the UV/Vis spectrum and cyclic voltammogram of the 
solution after electrolysis indicate that the daughter product is hexachlororhenate, 
[ReC16]2 , which presents an unique catalytic mechanism upon reduction in chlorinated 
solvents such as dichloromethane.' 2 In the complex [ReC1 6]2 , when one electron is 
added to the metal centre, one chloride ligand is cleaved to form the reactive 
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intermediate, [ReC1 5 ] 2 , which rapidly abstracts a chlorine radical from the solvent to 
form the starting complex, [ReC1 6]2 . For the complex, [ReC1 5 (NCCH3)]', the neutral 
ligand is cleaved, instead of the chloride ligand upon reduction in dichioromethane to 
form the reactive intermediate, [ReC1 5 ]2 , and then [ReC16]2 is formed as described 
above. Therefore, a mechanism for the EC process upon reduction of the complex, 
[ReC1 5 (NCCH3)]', is proposed in Scheme 5-1. 
[ReC1 5(NCCH3)]' 
[ReC15(NCCH3)] 2 
k= 1.3±0.2s 1 (T=292K) L 
E=86±2kJ/mo1 	'—'-CH3CN 
-CH20 ::~ 
[ReC15 ]2 	ç Cl 
[ReC16] 2 	 [ReC16] 3 
Scheme 5-1 EC reaction mechanism for the complex [ReC1 5 (NCCH3)]' in 0.5M 
[NBu4] [BF4]/dichloromethane. 
Since the chemical reaction is a simple one as described in equation (2), 
[ReC15 (NCCH3)]' + & —* [ReClf + CH3CN (2) 
the rate constant for the chemical reaction can conveniently be measured using 
electrochemical techniques, e.g., double potential step or chronoamperometry. 22 The 
rate constant was determined between 5 and 25°C and the two potentials used in the 
double potential step experiment were -0.80 V and -0.10 V which guarantee that the 
electrode processes were diffusion-controlled. Data for lower temperature are not 
reliable because the reduction process becomes reversible at low temperature. Figure 
5-8 shows the Arrhenius plot for the chemical reaction and the activation energy is 
found to be 86 ± 2 Id mor 1 . In the discussion of the EC mechanism of the 
[ReC15 (NCCH3)]', we assumed that the chemical reaction is a first order process and 
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hence there should be no dependence of the rate constant k with the concentration of 
the complex. This relationship holds experimentally (see Table 8-3 in Chapter 8). In 
addition, the chemical reaction is suppressed if the leaving ligand, CH 3CN, is added to 
the system. Indeed, we experimentally observe that the rate constant decreases non-
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1 ff(K) 
Figure 5-8 Plot of ln(k) versus lIT for reduction [ReC1 5(NCCH3)] 1 + e —* [ReC1 5 ] 2 + 
CH3CN, LE = 86±2 kJ/mol. 
The complex [ReC1 5 (NCPh)] 1 in 0. 5M [NBu4][BF4]Idichloromethane exhibits the 
electrochemical behaviour as shown in Figure 5-6. One irreversible oxidation process 
lies at 1.73 V. Comparison of the cyclic voltammetric responses of [ReC1 5(NCCH3)] 1 
and [ReCl5(NCPh)] 1 in Figures 5-5 and 5-6 immediately reveals that the reduction 
process of the complex [ReCI 5 (NCPh)]' is more reversible at room temperature than 
that of the complex [ReC15(NCCH3)] . Thus the chemical reaction which follows the 
electron transfer step is considerably slower for [ReC1 5(NCPh)]' than for 
[ReCl 5 (NCCH3)]'. Close inspection of the further irreversible reduction process at Ca. 
-1.5 V in the electrochemical behaviour of [ReC1 5(NCPh)] 1 is at a more negative 
potential than the similar process of [ReC1 5 (NCCH3)}' and there is a small shoulder at 
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Ca. -1.20 V. However, upon decreasing temperature, the irreversible process does not 
disappear as observed in the cyclic voltammetry of [ReCI5(NCCH3)] . Rather the 
height of the irreversible process decreases and becomes roughly equivalent to the 
other two redox processes although there is no indication of a return wave even at 
high scan rates. Furthermore, the small shoulder completely disappears at low 
temperature. In 0.5M [N"Bu4][BF4]/dichloromethane, the height of the reduction 
process at Ca. -1.5 V decreases steadily with addition of pyridine to the solution until 
it becomes approximately equivalent to the other two redox processes as mentioned 
above. Further doping with pyridine led to the substitution of the benzonitrile by the 
pyridine. In 0. 1M [NBu4][BF4]fbenzonitrile, the process at Ca. -1.5 V is not affected 
by the solvent and the small shoulder at Ca. -1.2 V is completely absent. 
It is obvious that the EC mechanism proposed for [ReC1 5(NCCH3)]' does not 
explain, in total, the electrochemical behaviour of the benzonitrile analogue. Instead 
we propose the following reaction mechanism based on the observed electrochemical 
behaviour. At room temperature in 0.5M [NBu 4][BF4]/dich1oromethane, the 
reduction couple [ReC1 5(NCPh)]''2 is at -0.37 V. This one-electron process is 
diffusion controlled. However, the height of the return wave, [ReC1 5(NCPh)] 2 - & —+ 
[ReC15(NCPh)] 1-,  is less than that of the forward wave, that is, there is a following 
chemical reaction which generates a redox-active daughter product. The daughter 
product is observed in the cyclic voltammogram, see Figure 5-6, by the shoulder at 
Ca. -1.20 V. This is confirmed by lowering the temperature of the solution where we 
now observe a reversible [ReC1 5 (NCPh)] 1 "2 couple and no shoulder at -1.20 V. The 
potential of the daughter product (Ca. -1.20 V) is indicative of the [ReC1 6]2 catalytic 
cycle. Furthermore, bulk electrolysis at -0.50 V of a solution of [ReC1 5(NCPh)] 1 at 
room temperature reveals a similar chemical reaction and subsequent electrochemistry 
as that discussed for [ReC1 5 (NCCH3)] 1 . Thus [ReC1 5 (NCPh)]' is reduced by a one-
electron step to [ReC1 5 (NCPh)] 2 at -0.37 V which is followed by the expulsion of the 
PhCN ligand leaving the [ReC1 5 ]2 moiety. The highly reactive [ReCl 5 ]2 abstracts a 
chlorine radical from the dichloromethane solvent generating [ReC1 6]2 which is 
reduced at -1.20 V. The rate constant for the chemical reaction, determined by using 
the double potential step method (see Chapter 8 for more details), has a value of 0.13 
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S-1  at 292 K which is ten times smaller that that of the acetonitrile containing complex. 
A plot of In(k) against l/T (K 1 ) is shown in Figure 5-9 and exhibits a good linear 
correlation. The slope of the line gives a value of 53 ± 3 kJ/mol for the activation 
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Figure 5-9 Plot of In(k) versus l/T for the EC reaction of[ReC1 5 (NCPh)]', AE = 53 ± 
3 kJ/mol. 
We turn our attention now to the intense voltammetric reduction wave at Ca. -1.5 V. 
As previously stated, the height of this wave decreases with decreasing temperature 
approaching the same height as the redox process at -0.37 and +1.73 V. Furthermore, 
the ratio of peak current against the square root of scan rate I/v" 2 (Table 5-4) 
Table 5-4 Variation of I 1,/v' with scan rate 
scan rate (v, V/s) 	2.0 	1.0 	0.5 	0.1 
I/v 1 	 0.207 0.222 0.233 0.291 
decreases with increase of scan rate, which indicates that the process at Ca. -1.5 V 
involves a catalytic mechanism. 23 We therefore suggest that this is a catalytic process 
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which is associated with the one-electron reduction couple, [ReC1 5 (NCPh)] 2 . 
Previous studies on the analogous pyridine complexes (see Chapter 2 and 3) have 
shown that reduction of [ReCl 5py]' in pyridine results in loss of one or more chloride 
ligands and formation of further pyridine substituted compounds. Thus, in the 
reduction of [ReC1 5(NCPh)] 2 in dichioromethane to [ReC1 5(NCPh)] 3 , similar loss of 
one chloride ligand may be possible thereby forming a five-coordinate species, 
[ReC14(NCPh)] 2 . As does the reactive intermediate [ReC1 5 ]2 mentioned earlier, the 
species [ReC14(NCPh)] 2 will attack the solvent abstracting a chlorine radical atom to 
form [ReCI 5(NCPh)] 2 which is reduced immediately thereby setting up another 
catalytic cycle in a similar manner to the [ReC1 6]2 cycle. 12 
If the above argument is correct, free chloride is expected when a solution of the 
[ReC1 5 (NCPh)] 2 in 0.5M [NBu4][BF4]/dichloromethane is electrolysed at -1.75 V at 
223 K. Low temperature must be employed to prevent the reduced species 
[ReC1 5 (NCPh)] 2 from decomposing. However, there was no sign of free chloride in 
the cyclic voltammogram when the solution was warmed up to room temperature 
after the electrolysis. Secondly, if the proposed mechanism is correct, in a non-
chlorinated solvent system, such as benzonitrile, the catalytic process should not be 
observed. But experimentally, a similar process is observed in benzonitrile. Therefore, 
the chemical identity of X in Scheme 5-2 is as yet unknown. 
As mentioned earlier, [ReCl 5py]' exhibits two redox processes in 0.5M 
[N"Bu4][BF4]/dichloromethane (Figure 57).t  The reduction process, Re", is fully 
reversible at room temperature on the electrolysis time scale. However, the quasi-
reversible oxidation process, RCWI\l,  becomes fully reversible at low temperature on 
the time scale of electrogeneration which make the in situ spectroelectrochemical 
study of the two redox processes possible. 
The three complexes studied here, [ReC1 5L]' (L = CH3CN, PhCN and pyridine), 
have made an interesting comparative study in the field of redox-induced substitution 
reactions. In the case of [ReCl 5py]', detailed in Chapter 2, reduction of Re" to Re 
results in loss of one or more chloride ligands and if the reduction process is carried 
t In O.IM [N"Bu4[BF41/acetonitrile, the complex [ReCl 5py] 1 has very similar electrochemical 
behaviour (see Figure 3-3 in Chapter 3). 
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out in pyridine then the complexes of the form [ReC1 4(py) 2]' and [ReC1 3(,y)31' result. 
Thus the Re—Cl bonds, whether cis or trans to the Re—N bond, in [ReCl5py]2 are 




[ReC15(NCPh)]3 [ReC1 5(NCPh) ] 2 
k = O.13.01 s (T = 292 K)k 
AE = 53 ± 3 kJ/mol 	 PhCN  
CH2C 	 r product(s) 12 
CH2C1 	
[ReC1 5 J 2 	Ct 	daughte 
[ReC16]2 	 [ReC16] 3 
Note: The X is an unknown 
catalyst. 
Scheme 5-2 EC reaction mechanism for the complex [ReC1 5 (NCPh)]' and catalytic 
mechanism for the reduced species [ReC1 5 (NCPh)] 2 in 0. 5M [N"Bu4][BF4]/ 
dichioromethane. 
Conversely, the one-electron reduction of [ReC1 5L]' (L = CH3 CN and PhCN) in 
0.5M [Nt Bu4] [BF4]/dichloromethane results in the release of the nitrite ligands and 
not one of the chlorides from which we can infer that the Re--N bond must be 
weaker than the Re—Cl bond bonds. However, between the two nitrite complexes, 
kinetic studies show that the release of the nitrile ligand is ten times faster in 
[ReC1 5 (NCCH3)]' than in [ReC1 5 (NCPh)]' at 292 K, which indicates that the Re—N 
bond in [ReC1 5 (NCPh)]" is stronger than that in [ReC1 5(NCCH3)] 1 . 
The electrochemical behaviours of the three complexes at room temperature are in 
good agreement with the basicity of the two types of tigand. The pKbt  values for 
pyridine and acetonitrite are 8.8 and 24 respectively, which means that the pyridine 
tigand has a much stronger (T-donating ability compared to the acetonitrile tigand. 
Although we have not found the value of the pKb for the benzonitrite ligand, we can 
t Cited from: D. S. Kemp and F. Vellacio, Organic Chemistry, Worth Publishers, Inc., New York, 
1980, p. 1236, 1079. 
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conclude that its pKb must be smaller than that of the acetonitrile according to the 
electrochemical behaviour discussed above. The difference between the two nitrile 
ligands not only lies in the cs-donating ability, but also in their it-accepting ability 
which is confirmed by both the positive shift in half-wave potentials for the Re 
couple in the complex [ReC1 5 (NCPh)]' (see Table 5-3) and the observation of an 
intra-t2g electronic transition in the UV/Vis spectrum of the [ReC1 5(NCPh)] 2 (see 
Figure 5-15) but not in the spectrum of [ReC1 5(NCCH3)] 2 (see figure 5-11). 
Presumably, the conjugation between the cyanide group and the phenyl ring plays a 
critical role. 
5.3.3. Spectroelectrochemistry 
As mentioned above, the reversibility of the redox processes of the complexes, 
[ReC1 5(NCCH3)] 1 and [ReC1 5(NCPh)] 1 is improved greatly at low temperature, 
especially for the one-electron reduction process, Re'" + & —* Re". This observation 
makes it possible to perform in situ electrogenerations and to probe the spectral 
changes of the complexes with change in oxidation state of the metal centre. An in 
situ electrogeneration is deemed successful and hence the spectra worthy of 
discussion if we could fully restore the UV/Vis spectrum of the starting compound 
and this was the only criterion used to check the reversibility of any species at an 
appropriate temperature. 
Figure 5-10 shows the in situ 1.JV/Vis spectra upon one electron oxidisation of 
species [ReC1 5 (NCCH3)]2 back to [ReC1 5(NCCH3)]' in 0.5M [NBu4][BF4]/ 
dichloromethane at 248 K. The arrows show the increase and decrease in the 
absorption peaks as the oxidation proceeds. Note the sharp isosbestic point at 36200 
cm" confirming a smooth conversion of [ReCl 5(NCCH3)]2 to [ReC1 5 (NCCH3)]' with 
formation of no intermediates during the oxidation process. The UV/Vis spectrum of 
the in situ generated species [ReC1 5(NCCH3)] 2 is presented in Figure 5-11. The 
spectrum of [ReC1 5(NCCH3)] 1 is shown in Figure 5-2. When one electron is added to 
the metal centre, the main absorption band at 34770 cm' due to a CF(it) —+ Re(IV) 
dit electronic transition collapses and a group of absorption bands at around 39300 
cm' appears. For the oxidation process, Re" - e —* Re", a lower temperature is 
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Figure 5-10 In situ UV/Vis spectra accompanying the oxidation of [ReC1 5(NCCH3 )] 2 
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Figure 5-11 UV/Vis spectrum of the in situ electrogenerated [ReC1 5(NCCH3)] 2 in 
0.5M [N'Bu4][BF4}/dich1oromethane at 248 K 
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needed to carry out the in situ electrogeneration since the oxidation is rapidly 
followed by a chemical reaction. Figure 5-12 shows the spectral changes which occur 
during the in situ oxidation of the complex [ReC1 5(NCCH3)]' to [ReC15(NCCH3)] at 
213 K in 0.5M [NBu4[BF 4]/dich1oromethane. Note the collapse of the CF(i1) —* 
Re(IV) dt charge transfer band at 34700 cm' and the growth of intense low energy 
bands. Several sharp isosbestic points occur at 31600, 36800 and 41000 cm'. The 
UV/Vis spectrum of the in situ electrogenerated neutral species [ReC1 5(NCCH3 )] is 
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Figure 5-12 In situ UVIVis spectra of the oxidation of [ReC1 5(NCCH3)]' to 
[ReCI5(NCCH3)] in 0.5M [NBu4][BF4]/dich1oromethane at 213 K 
Spectroelectrochemical studies of the complex [ReC1 5(NCPh)] 1 was performed at 
233 Kin 0.5M [NBu4][BF4]/dichloromethane. The in situ spectra for the oxidation of 
the reduced species [ReC1 5(NCPh)] 2 back to [ReC1 5(NCPh)] 1 is shown in Figure 5-
14. The isosbestic points at 27250, 36380 and 44500 cm' indicate that the reduction 
process is fully reversible at 233 K Figure 5-15 shows the UV/\'is spectrum of the in 
situ electrogenerated species [ReC1 5(NCPh)] 2 . It has not been possible to record a 
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UVIVis spectrum for the oxidation process because the oxidation process is followed 
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Figure 5-13 UV/Vis spectrum of the in situ electrogenerated [ReC1 5(NCCH3 )] in 
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Figure 5-14 In situ UVIVis spectra of the oxidation of [ReC1 5(NCPh)] 2 back to 
[ReC15(NCPh)]' in 0.5M [NBu4][BF4]/dich1oromethane at 233 K 
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Figure 5-15 UV/Vis spectrum of the in situ electrogenerated [ReC1 5(NCPh)] 2 in 
0.5M [NBu4][BF4]/dich1oromethane at 233 K. 
The spectroelectrochemistry of the complex [ReCl spy]' in 0. 1M [NBu4][BF4]/ 
acetonitrile has previously been discussed in detail in Chapter 4. In 0.5M 
[NBu4][BF4]/dich1oromethane the complex shows a very similar spectrolectro-
chemical behaviour. For the convenience of the following discussion of the spectra of 
the complexes [ReC15L]241 '° (L = pyridine, acetonitrile and benzonitrile), the spectra 
of the complexes [ReCl5py]z  (z = -2, -1 and 0) recorded in 0.5M [NBu4][BF4]I 
dichioromethane are shown in Figures 5-16, 5-4 and 5-17. The in situ spectra 
accompanying the reduction of [ReCl5py] 1 to [ReCl5py]2 in  0.5M [NBu4[BF4]/ 
dichioromethane at 258 K are shown in Figure 5-18 in which two isosbestic points are 
observed at 38200 and 28040 cni'. Two sharp isosbestic points at 38980 and 32560 
cm' are also observed in the in situ spectra of the oxidation of [ReCl 5py]' to 
[ReC15py] in 0.5M [N'1Bu4][BF4]/dichloromethane at 258 K (Figure 5-19). 
Table 5-5 lists the main absorption bands for all the accessible species, [ReC15L]z, 
where L = acetonitrile, benzonitrile and pyridine, z = 0, -1 and -2, in 0. 5M 
[NBu4] [BF4]/dichloromethane. 
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Figure 5-16 UV/Vis spectrum of the in situ electrogenerated [ReCl 5py] 2 in 0.5M 
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Figure 5-17 UVfVis spectrum of the in situ electrogenerated [ReCl spy] in 0.5M 
[N'Bu4][BF4]/dich1oromethane at 258 K 
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Figure 5-18 In situ UV/Vis spectra of the reduction of [ReCl 5py]' to [ReCl5py] 2 in 
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Figure 5-19 In situ UV/Vis spectra of the oxidation of [ReCl 5py]' to [ReCl5py] in 
0.5M [NBu4][BF4]/dich1oromethane at 258 K. 
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Table 5-5. Main absorption bands for [ReC15L]z  in 0.5M [N1 Bu4][BF4]/CH2Cl2 
T(K) complex absorption bands (cm') (c x 10 	dm3 mo1 1 cm') 
248 [ReC1 5 (NCCH3)] 2 43710 (15.6), 39310 (25.3) 
248 [ReC1 5 (NCCH3)]' 43710 (6.0), 34720 (17.2) 
213 [ReC1 5(NCCH3)] 36180 (4.3), 28350 (12.6), 21910 (4.1) 
233 [ReC15(NCPh)]2 41530 (14.5), 37710 (17.0), 24530 (3.9), 17830 
(4.7), 5600 (0.3) 
233 [ReC15 (NCPh)]' 35110 (23.5) 
258 [ReCl5py] 2 40590 (13.4), 24300 (3.7), 18330 (5.6) 
258 [ReCl5 py}' 35410 (16.8) 
258 [ReCl5py] 38940 (7.9), 28670 (14.0), 21260 (4.8) 
Assignment of absorption bands in the UV/Vis spectrum to specific transitions is 
much easier if several related spectra can be compared. Thus the spectra of the 
Re(IV) containing species [ReC1 5L] 1 as shown in Figures 5-2, 5-3 and 5-4 for L 
CH3CN, pyridine and PhCN are all remarkably similar with an intense band at around 
35000 cm- '. This has already been assigned to the Cl-(7c) -> Re(IV) (dit) charge 
transfer transition. 
The spectra of the two oxidised species, [ReCl 5py] and [ReC1 5 (NCCH3)], have 
similar spectral patterns with absorption bands in the UV/Vis spectrum at 38940, 
28670, 21260 cm' (see Figure 5-17) and 36180, 28350 and 21910 cm' (see Figure 5-
13) respectively. The two compounds both have C4 symmetry and moreover the 
weak it-acceptor ligands, pyridine and acetonitrile, will have much less influence than 
chloride ligands on the high oxidation state, Re(V), of the metal centre. Therefore, we 
can confidently assign these bands to ligand-to-metal charge transfer transitions, CF 
(it) -> Re(V)(dit). Removal of an electron from Re(IV) to Re(V) will result in a 
decrease in energy of the Re(V) t2g  based orbitals compared to the equivalent orbitals 
in Re(IV). Thus we would predict that the charge transfer transitions, Cr(it) —> 
Re(V)(dit) should be at lower energy in the oxidised compounds compared to Re(IV) 
analogues. This is exactly what is observed experimentally. 
The spectra of [ReCl 5py]2 and [ReCI 5 (NCPh)] 2 are similar whereas the visible 
region of the complex [ReC1 5(NCCH3)]2 is different. This suggests that the 
absorption bands in the low energy region of the spectrum (the visible region) must be 
assigned to electronic transitions involving either the pyridine or benzonitrile ligands. 
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Since pyridine and benzonitrile are weak it-accepting ligands with low lying empty 1t 
orbitals, we assign the bands between 16000 and 26000 cm' to Re(Ill) (dit) - it*(L, 
L = pyridine and benzonitrile), metal-to-ligand charge transfer transitions. The 
absorption bands at energies higher than 35000 cm' are assigned to intra-ligand 
transitions and chloride to metal charge transfers. Definitive assignments are not 
possible due to the superposition of several of these transitions. Addition of an 
electron to form the Re(Ill) oxidation state will favour observation of MLCT bands 
and should result in LMCT bands moving to higher energy than in the Re(IV) 
compounds. Surprisingly, one weak transition band is observed in the near infrared 
region at 5600 cm' in [ReC1 5(NCPh)] 2 which is unobservable in the complexes 
[ReCl5 py] 2 and [ReC15(NCCH3)] 2 , presumably because the equivalent transitions in 
the pyridine and acetonitrile complexes are below 5000 cm' and are thus masked by 
the solvent vibrational bands. The band at 5600 cm -' is assigned to an intra -t2g 
transitions between b 2 (d,) 1 and e (d,, d) 3 metal-based orbitals. The observation 
suggests that benzonitrile splits the t2g  orbitals to a greater degree than acetonitrile or 
pyridine, which suggests that the benzonitrile is the strongest it-acceptor among the 
three ligands as indicated above. 
The observation of similar absorption spectra for [ReCl 5py]2 and [ReC1 5(NCPh)] 2 
and the proposed assignment of the electronic transitions suggest that the energy of 
the 7t*orbitals  of pyridine and benzonitrile are similar. The visible region of the 
spectrum of [ReC1 5(NCCH3)] 2 is essentially featureless and we therefore conclude 
that the lowest energy empty 1t*orbitals  of acetonitrile are far higher in energy than 
those in pyridine and benzonitrile. This suggestion is supported by results from 
Extended Mickel Molecular Orbital (EHMO) calculations (vide infra). The 
absorption bands at energies > 36000 cm' in all three complexes are once again 
assigned to a superposition of Ci(ir) -> Re(III) charge transfer and intra-ligand 
transitions. 
5.3.4 Extended Hflckel Molecular Orbital (ERMO) Calculations 
For the in situ electrogenerated three species, [ReC1 5L]2 , where L = pyridine, 
acetonitrile and benzonitrile, Extended HUckel Molecular Orbital calculations were 
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carried out using the CACHe program to elucidate the electronic character of the 
frontier orbitals. The calculation results reveal that the LTJMOs of the it-acceptor 
ligand in the species [ReCI 5(NCCH3)] 2 have much higher energies than those in 
pyridine and benzonitrile containing species [ReC1 5 (NCPh)] 2 and [ReCl 5py] 2 
respectively and the energies of the LUMOs for the latter two ligands in these species 
are rather similar, which suggest that M1LCT transitions in the species 
[ReC1 5 (NCCH3)] 2 lie at high energy and in the species [ReC1 5(NCPh)] 2 and 
[ReCl5py] 2 at low energy. This is indeed in agreement with the M1LCT transition 
bands observed in the in situ electrogeneration (see Figures 5-11, 15 and 16). As 
discussed earlier, the benzonitrile ligand has the strongest it-accepting ability and 
therefore can significantly split up the t2g  orbitals compared to the pyridine and 
acetonitrile ligands. In Table 5-6 the energy of the metal-based HOMOs are listed. It 
is probably meaningless to consider the absolute values listed in Table 5-6. However, 
the difference in energy between the d,,-based orbital and either d,- or d,,-based 
orbital is informative. Amongst the three complexes, [ReC1 5 (NCPh)] 2 has the largest 
difference. This is in accord with the observations in the UV/Vis spectra of the three 
species, of which only the benzonitrile containing complex exhibits one absorption 
band in the near infrared region (Figure 5-15) which has been assigned to intra -t2g 
electronic transition. 
Table 5-6. Selected orbital energies (eV) of EHMO calculation for the complexes, 
[ReC1 5L] 2 
HOMO 
complex d,,-based orbital d,-based orbital d, -based orbital 
[ReC1 5 (NCCH3)] 2 -11.742 -11.726 -11.726 
[ReC1 5(NCPh)] 2 -11.659 -11.742 -11.672 
[ReClspyJ 2 -11.752 -11.750 -11.762 
5.4 Conclusions 
With the substitution of one chloride ligand from the complex [ReC1 6]2 by a it-
acceptor ligand L, L = pyridine, acetonitrile and benzonitrile, the reduction potentials 
for the one electron reduction process, Re" + & -+ Rem, steadily shift to more 
positive values. The shift reveals that the benzonitrile ligand has the strongest 7t- 
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accepting ability and the pyridine has the weakest one among the three ligands. The 
stronger ic-accepting ability of benzonitrile stabilises one of the t2g  orbitals in the 
complex better than other two ligands and therefore the t2g  orbitals in the species 
[ReC1 5 (NCPh)] 2 split more significantly than in the species [ReC1 5 (NCCH3)] 2 and 
[ReCl 5 py] 2 , which results in an intra -t2g transitions above 5000 cm'. It is also this 
strong ic-accepting ability of the benzonitrile ligand that causes a greater shift in 
potential compared to the pyridine and acetonitrile analogues and furthermore the 
[ReCl 5 (NCPh)] 2 redox couple is observable. 
The reversibility of the redox processes of the pyridine complex reveals that there is 
a stronger cr-interaction between the metal rhenium and pyridine-nitrogen atoms 
compared to both the benzonitrile and acetonitrile complexes. The electrochemical 
and kinetic studies of the complexes indicate that the strength of the cr-interaction in 
the three complexes decreases in the following sequence, pyridine > benzonitrile > 
acetonitrile. This observation is in good agreement with the basicity of the pyridine 
and acetonitrile ligands whose pKb values are 8.2 and 24 respectively. Due to the 
weak cT-interaction between the metal centre and the nitrile ligands, upon reduction, 
both [ReC1 5(NCPh)] and [ReC1 5 (NCCH3)] give very similar catalytic cycles to the 
[ReC16 ]2 cycle in chlorinated solvents. 12 
The increase of the IR stretching frequencies, VcN,  in the complexes, 
[ReC1 5 (NCPh)]' and [ReC1 5 (NCCH3)]', and the spectroelectrochemical studies of the 
oxidation processes, Re" - & Re'', of the complexes, [ReCl 5py]'' and 
[ReCl5 (NCCH3)]', show that for Re" and Re", the electronic transitions are 
dominated by icCr-to-metal charge transfer transitions and intra-ligand transitions and 
the ic-acceptor ligands have little impact on the LMCT transitions. The UV/Vis 
spectra of the in situ electrogenerated species [ReCI 5L]2 , L = pyridine, acetonitrile 
and benzonitrile, reveal that the 7t*orbitals  in the acetonitrile ligand lie at a much 
higher energy level than those in both pyridine and benzonitrile and that the latter two 
ligands have 1c*orbita1s  at roughly the same energy level, which is supported by the 
results of EITMO calculations. 
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CHAPTER 6 TETRABUTYL4MMONIUM TETRACHLORONITRIDORHENATE (1'7), Bu 4J[ReNCl4] 
6.1 Introduction 
Complexes of the type [MINC1 4]' are known for very few transition metals, namely 
molybdenum, tungsten, technetium, rhenium, ruthenium and osmium. 1-3  The 
complexes have short metal-nitrogen bonds (MoN, 1.66(1) A, RuN, 1.57(1) A, 
OsN, 1.60(1) A and ReN, 1.619(10) A) and strong characteristic stretching 
frequencies in the IR region between 1000 and 1100 CM-1.2  These results have been 
taken to imply a metal-nitrogen triple bond, MN. The anion, [ReNCI 4]', was 
probably made for the first time in 1972.1  Later another way of making the anion was 
reported from the hygroscopic starting material, ReC1 5 , using nitrogen trichloride as 
the nitride-source, in a two-step process. 2 An EPR study of this ion doped into a 
[AsPh4][RuNC14] host has also been reported . 4 However, further studies of its 
electrochemistry and spectroelectrochemistry to explore its charge transfer mechanism 
and hence bonding properties have not been reported. 
In this chapter, a simple way of preparing the ion and its electrochemistry, UV/Vis 
spectrum and spectroelectrochemistry are reported. in particular, the structure of the 
band centred around 25000 cm' in the visible region of the UV/Vis spectrum. This 
structure is caused by the coupling of the vibrational mode of the Re—=N bond to the 
Re'"-to-N3 charge transfer transition. Usually, it is rare to observe such a strong 
coupling at room temperature. 
6.2 Synthesis 
[N"Bu4]2 [ReC16 ] ( 100 mg, 0.11 mmol) and hydrazine sulphate (166 mg, 1.3 
mmol, dried in vacuum at 70 °C) were mixed together in a Schienk tube which was 
evacuated and then filled with dry nitrogen. To the mixture, benzonitrile (0.5 ml) was 
added by syringe. The mixture was carefully heated with stirring for Ca. one hour at 
160 °C. The solvent was then removed under vacuum. To the residue, freshly distilled 
CH202 (ca. 5 ml) was added to give a brownish yellow solution. Any inorganic solids 
in the solution were filtered off using the technique of needle transfer. After solvent 
removal, dry ethanol (ca. 0.5 ml, stored over roasted alumina for a couple of days) 
was added to the residue. The brownish yellow solution was left in the freezer for a 
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couple of hours and thin plate crystals (42 mg, yield 64%) of the bright yellow 
product species were isolated and washed with dry diethyl ether. The product was 
purified from CH2C12/diethyl ether. C, H, N analysis results are 33.07, 6.29, 4.73 (%). 
Calculated figures for C 16H36N2Re are 32.88, 6.21, 4.79 (%). Vapour diffusion of 
diethyl ether into the CH 2C12 solution of the complex in a sealed vessel gave rise to 
thin plate crystals suitable for single crystal determination studies. 
6.3 Results and Discussion 
6.3.1 Reaction Mechanism 
There are several means which lead to the formation of nitride complexes. The 
thermal decomposition of azide complexes forms nitride complexes for those metals 
which can change oxidation state relatively easily by two units, e.g. rhenium. 3 '5 
Reacting ReC1 5 with nitrogen trichioride also gives rise to the nitride complex, 
ReNC1 5 , from which the ion, [ReNC14] can be isolated .2  Hydrazine is a relatively 
strong reductant. Under carefully controlled conditions, perrhenate reacts with 
hydrazine dihydrochioride to yield nitride complexes, in which hydrazine acts as both 
nitride-source and reducing agent. 5 In this study, surprisingly, hydrazine sulphate 
oxidised rhenium from IV to VT. From the thermodynamic point of view, the reaction 
seems unlikely to happen. In benzonitrile, even the potential of the Re' couple lies 
as high as 1.3 V. The redox potential for removing another electron must be much 
higher. Additionally, hydrazine sulphate seldom dissolves in the solvent. Obviously, a 
simple redox mechanism can not explain satisfactorily the reaction. Coordination must 
play a crucial role. A possible mechanism is shown in Scheme 6-1 for this reaction. 
In the partly protonated molecule of hydrazine, the lone pair of electrons on the 
unprotonated nitrogen atom may approach the metal centre to form a seven 
coordinate intermediate. Donation of electron density from the nitrogen to the metal 
centre will weaken the N—N bond and result in cleavage of the N—N bond leading 
to the formation of the ammonium ion via internal disproportionation. it interaction 
between the d,, and dyz  orbitals from the metal and the Px  and py orbitals from the 
nitrogen atom results in an internal electron transfer of two d electrons to the nitrogen 
atom leaving the metal atom in a d' electronic configuration. Confirmation of the 
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above mechanism has been achieved by analysis of the aqueous solution of the 
inorganic residue isolated from the reaction for the presence of the ammonium ion 
using a conventional method of detecting N}I, that is, the formation of ammonium 
tetraphenylborate. Note, there was no positive result observed in the analogous 
inorganic residue from a blank reaction, that is, when no [NBu 4]2[ReCl6] was added 
to the reaction. 
cl 
C1 N H M 	CljN—H 







[NH NH] 	[NH2NH3 ] + H 
[ReC16]2 + [NH2NH3 ] —'[ReNC14]' + NHCl + HC1 
Scheme 6-1 Reaction mechanism for formation of[ReNC1 4]'. 
6.3.2 Crystal Structure, Solution EPR, UV/Vis Spectrum, IR Stretching 
Frequency of the Triple Bond ReN and Raman Spectrum 
The structure of the yellow crystalline material, {NBu 4][ReNC14], was determined 
by a single X-ray diffraction study. The anion has a similar structure compared to 
other transition metal analogues and is shown in Figure 6-1. The rhenium metal centre 
is in a distorted square pyramidal geometry with the ReN bond in the apical position. 
The rhenium atom is raised out of the plane of the four chloride ligands and the anion 
190 
CHAPTER 6 ThTRABUTYLAMMONJUM 7F7RACHLORONJTRJDORHENATE 07). [l'PBu 4][ReNCI41 
has C4  symmetry. The metal-nitrogen and metal-chlorine distances and bond angles 
of the isostructural compounds, [MNC1 4] 1 (M = Mo, Tc, Re, Ru or Os), are tabulated 
in Table 6-1. It is obvious from the Table 6-1 that both the metal-nitrogen triple bond 
distance and the metal-chloride bond vary with nuclear charge. For the complexes in 
the same period, e.g., Mo, Tc and Ru; Re and Os, the lengths of both bonds decrease 
with atomic number which we attribute to the increase in nuclear charge. However, 
for complexes in the same group, Tc and Re, Ru and Os, both metal-ligand bonds 
lengths are larger for the heavier metal, presumably due to the expansion of the 






Figure 6-1 The structure of the anion [ReNC1 41. 
Table 6-1 Comparison of bond distances (A) and NM—Cl bond angle (°) in 
[MNC] 4]' complexes with C 4 , symmetry 
complex 	MN 	M—Cl 	NM—Cl 	reference 
[AsPh4][M0NCI4} 1.66(4) 2.345(5) 101.5(2) 3 
[AsPh4][TcNCI4] 1.581(5) 2.322(1) 103.34(3) 3 
[AsPh4][RuNCI 4] 1.570(7) 2.310(1) 104.58(4) 3 
[NBu4][ReNCl4] 1.668(15) 2.3149(5) 102.67(6) This work 
[AsPh4][ReNC4] 1.619(10) 2.322(2) 103.49(6) 3 
[AsPh4][OsNC14] 1.604(10) 2.310(2) 104.53(5) 3 
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Ab initio quantum chemical calculations of the ground and first excited states of 
[ReNC14 1 were performed using the density functional code DMo 1. The bonding 
parameters obtained from the calculations are as follows, 
ReN (1.641 A), Re—Cl (2.366 A), N=Re—Cl (103.9°) 
The geometry as determined from ab initio calculations agrees impressively well with 
the structure from X-ray crystallography. It is noteworthy that the definition of the 
bond distance is different between X-ray crystallography and ab inhtio calculations. 
Further analysis of the calculations revealed that the frontier orbitals of [ReNC1 4] 1 are 
best described as in Scheme 6-2. 
	






e -j -- - 	Px, py  (C1,it) 
Scheme 6-2 Frontier orbitals of [ReNC1] 1 as described from 
ab initio calculations. 
Thus the HOMO in [ReNC1 4]' which is semi-occupied, has b 2 symmetry and is 
based primarily on the d, ()I orbital of the Re centre. The LUMOs are a doubly 
degenerate pair of orbitals with d, and d character and a considerable contribution 
from the it-orbitals on the N-  As expected the Re/N overlap in the LUMO is 
antibonding in character. Pictorial representations of these orbitals are shown in 
Figure 6-2. The occupied molecular orbitals nearest in energy to the HOMO are a 
doubly degenerate pair of orbitals primarily based on the four chloride ligands and are 
also portrayed in Figure 6-2. The calculations also predict that the IR stretching 
vibration VReN  will have an energy of 1101 cm 1 and the UV/Vis spectrum of 
[ReNC14]' should be dominated by two transitions at 24600 cm -1 (e* (Re, N) - b2) 
and 28880 cm-1 (b2 +- e (Cr), LMCT), transitions 1 and 2 respectively in Scheme 6-2. 
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Figure 6-2a1 The d-based HOMO (b 2 ) 
of the ground state mapped onto an 
electron density isosurface. t Shading 
indicates orbital phase. 
Figure -2a2 The d-based HOMO (b 2 ) 
of the ground state. Shading illustrates 
orbital phase. 
Figure -2b1 One of the cL,Ji\  -based 
LUTVIO (e) of the ground state mapped 
onto an electron density i sosurface. T 
Shading indicates orbital phase. 
Figure 6-2b2 One of the 
LUMO (e) of the ground state. Shading 
illustrates orbital phase. 
t The isosurface is contoured at 0.05 electrons/A 3 . in other words. nearly all the electron density is 
inside the boundan surface and the HOMO is mapped onto this surface. 
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Figure 6-2c One of the t(CI)-based HOMO-1 (e) of the ground state. Shading 
illustrates orbital phase. 
The infrared spectrum of [ReNC1 4] exhibits a strong absorption at 1103 cm 
(KBr disk) which is assigned to the ReN stretching vibration. This is in good 
agreement with previously reported values for this band at 1102 and 1085 cm - ' (nujol 
mull) 2'4 The intense band indicates the strong covalent nature of the ReN bond. The 
observed VReN agrees very well with the value predicted (1101 cm -) using ab jill/jo 
calculations (vide supra). The UV/Vis spectrum of [ReNC14]' (Figure 6-3a) is 
dominated by a relatively strong sharp band at 29910 cm" (c 1215.7 dm 3 mol" cm'1 ) 
and is assigned to a chloride-to-rhenium charge transfer band. The most distinctive 
spectral feature in the visible region of the electronic spectrum of [ReNd 4]"' is the 
group of bands centred at 25250 cm". The band envelope contains at least five 
separated resolved peak maxima at 26950 cm -1 (shoulder and estimated roughly), 
26050 cm"' (& 872.8 dm 3 moF' cm"'), 25250 cm" (F, 1059.9 dm3 mol"' cm -1 ), 24400 
cm-1 (6 1005.3 dm3 mol"cm" 1 ), and 23450 cm -1 (t 755.9 dm3 moF 1 cm- '). The group of 
bands is assigned to the electronic transition from an orbital primarily based on Re 
metal to an orbital with considerable N 3 ' character, that is, it is a MILCT band. The 
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Figure 6-3a UV/Vis spectrum of the anion, [ReNC1 4] 1 , in dichioromethane at room 
temperature. 
Figure 6-3b Amplified vibronic coupling structure in Figure 6-3a for the complex 
[ReNd4] -. 
band shows vibronic coupling. Usually, compounds show strong vibronic coupling at 
very low temperature, e.g., [Cr04]2 , [Cr207]2 , [Mn04] 2 and [Cr0 3Cl] 1 . 6 However, 
to date, at room temperature, there have been a few compounds which exhibit strong 
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vibronic coupling in their UV/Vis spectra, such as, [Mn0 4] 	[MnN(NC)4] 
1,8  The 
positions of the experimentally observed bands in the electronic spectrum of 
[ReNC14] 1 agree with those predicted by ab initio calculations and therefore support 
the proposed assignments. Further experimental evidence is given later in this chapter. 
The separation between the peaks of the band at 25000 cm' decreases steadily from 
low frequency to high energy and is evaluated at 950, 850 and 800 cm 1 . The unequal 
gap between these bands indicates that there is a strong component of vibrational 
energy contributing to the absorption band which we suggest arises from the Re—=N 
stretching vibration. However, the frequency of separation in the vibrational structure 
is approximately 200 cm' lower than the observed stretching frequency of the ReN 
bond in the ground states of [ReNC14] 1 . Thus we suggest that the absorption band is 
coupled to the ReN stretching vibration in the excited state. The ab inhtio 
calculations tell us that the stretching frequency of the Re=--N bond in the excited state 
is 935 cm-1 which agrees well with our maximum peak-to-peak separation in the 
UV/Vis spectrum between the 23450 and 24400 cm' bands. 
When one more electron is added to the d,, orbital on the metal centre, the d 
electron configuration of the metal becomes d 2 . Thus the chloride-to-metal charge 
transfer process cannot occur and should not be observed in the spectrum of 
[ReNC14]2 . Furthermore addition of a further electron should result in weakening of 
the ReN bond in [ReNC1 4]2 . Thus the stretching frequency will shift to lower energy 
and the IR band will lose intensity. We would therefore expect to observe a broad 
featureless band lower in energy than 25000 cm - ' in the spectrum of [ReNC1 4] 2 . This 
is indeed observed experimentally when the spectroelectrochemistry of [ReNC1 4] 2 is 
examined (vide infra). The assignment is further supported by the spectral features of 
the osmium analogue, 9 [OsNC14]', which also has a d 2 configuration and shows no 
vibronic coupling to the visible absorption bands. 
The vibronic coupling structure in [ReNd 4] 1 is easily affected by solvent. The 
solvent influence on the fine structure of the visible bands in a few organic solvents is 
summarised in Table 6-2. In some cases, the electronic absorption bands are not 
altered but a small band is observed at Ca. 19000 cm'' which gives the solution a 
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distinct red colour. Strangely, the colour will revert back to the original one after a 
couple of days. From Table 6-2, it is obvious that there is no certain correlation 
between the solvent influence on the vibronic coupling structure and the dielectric 
constant of the solvent. However, such an influence is definitely associated with the 
coordinating capability of the solvent. Presumably the empty binding site trans to the 
metal-nitrogen triple bond is occupied by the solvent which then weakens or disables 
the vibronic coupling process. 
Table 6-2 Solvent influence on the vibronic coupling bands of the complex 
[NBu4][ReNCl4] 
solvent 	 cc other bands (cm) vibromc coupling structure (cm - ) 
CH202t 9.08 39311 	29905 
d26950 	26050 	25253 	24400 23450 
aCHClt 	9.08 38345 29412 25706 24950 24040 23160 
C1CH2CH20t 	10.65 39311 	29869 
d26990 	26070 	25304 	24450 23510 
CH3CNt 	37.5 39249 29587 25800 25020 24200 23320 
'flfft 7.6 29309 24925 	24250 
DMFt 	 36.7 29377 weak and ill-resolved 
DMSO 4.7 29412 almost disappeared 
bCH0fmAC1I 38345 	29412 25706 	24925 	24040 23160 
pyridine 	12.3 reacted 
a. Stored for 12 days, b. Based on a, c. Dielectric constant, d. Estimated shoulder. 
t A band at Ca. 19000 cm' is not observed. 	A band at Ca. 19000 cm 	is observed. 
Not only is the binding site trans to the metal-nitrogen triple bond active for 
coordination, but also the four chloride ligands are easily substituted by other t-donor 
ligands.' ° If the ligands replacing the chloride ligands have similar properties, such as 
bromide, the derivative [ReNBr 4] 1 behaves spectroscopically and electrochemically in 
a very similar manner to the chloride analogue." For example, the IR stretching 
frequency of the ReN bond in the bromide compound is measured at 1100 cm' 
which is slightly lower than in the chloride analogue. Bromide is a slightly better it-
donor ligand than the chloride and therefore the triple bond in the bromide compound 
is slightly weaker than that in the chloride analogue. In the UV/Vis spectrum of 
[ReNBr4]'," the halide-to-metal charge transfer absorption band shifts to lower 
energy and masks the metal-to-nitride charge transfer band since the it-orbitals on 
bromide lie at higher energy compared to the chloride ic-orbitals. 
The resonance Raman spectrum of [ReNC1 4]' would help to confirm the source of 
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the fine structure on the visible absorption band. If the wavelength of the exciting 
laser light is chosen to fall within the 25000 cm' band envelope then we would expect 
to observe enhancement of the ReN stretching vibration but not of the Re—Cl 
vibration energies. Preliminary resonance Raman spectroscopic results are 
encouraging. 
The EPR spectrum of the [ReNC14]' in dichioromethane is shown in Figure 6-4. The 
sextet arises from the interaction of the unpaired electron with the nuclear spin of both 
I 	 • 	 I 	 • 	 I 	 • 	 I 	 I 	 I 
1000 2000 3000 4000 5000 6000 
Gauss 
Figure 6-4 EPR spectrum of the complex [NBu 4][ReNC14] in dichioromethane at 
room temperature. Frequency: 9.80 GHz, Attenuation: 5dB, Modulation: 4, Gain: 3.2 
X iO4, Time constant: 10 ms, Sweep time: 200s. 
rhenium isotopes 185Re and 187  Re whose nuclear spin is 5/2 and their natural 
abundance is 37.4 and 62.6% respectively. Due to second order effects, these lines are 
not equally spaced. From the spectrum (Figure 6-4), the value of giso  is 1.9964 which 
is not in agreement with the value 1.924 reported by other authors.' ° The isotropic 
hyperfine coupling constant is 533 x 10  CM-1 which is comparable to the previously 
reported value of 513 x 10 cm 1 . 10 
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6.3.3 Electrochemistry and Spectroelectrochemistry 
It is not surprising that the anion has a reduction process in dichloromethane since 
the Re centre is in a high oxidation state. Its cyclic voltammogram is showed in Figure 
6-5. At room temperature, the complex shows a fully reversible reduction process at - 
0.18 V on the time scale of cyclic voltammetry. Coulometric results show that it is 
one electron process (number of electron found 1.02). 
-1.00 -0.75 -0.50 -0.25 	0 	0.25 0.50 0.75 
E (V, vs. AgCl/Ag) 
Figure 6-5 Cyclic voltammogram of [NBu4][ReNC14] in 
0.5M [NBu4] [BF4]/dichloromethane at room temperature. 
The coordination of nitride to the metal centre stabilises the high oxidation state 
because of its high negative charge and it is both a strong both Cs-and it-donor. 
Compared to the electrochemical behaviour of hexachiororhenate (IV) (see Chapter 
3), the redox potential for the Re' couple (E 112 = 1.34 V) is much higher than the 
Rev' /v couple (-0.18 V) for [ReNC1 4]'. For the hexachlororhenate, the analogous 
couple occurs at 2.38 V (vs. SCE). 12  Obviously such a huge difference in half-wave 
potential is solely caused by the substitution of two chloride ligands by one nitride 
ligand. Similar shifts in potential are also observed comparing the half-wave potentials 
of hexachiorometallates and oxochiorometallates, for example, [MC1 6]'' and 
[MOC1 5]" 2 (M = Mo and W) where the measured values are at 1.05 and -0.65 V 
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for Mo, 0.40 and Ca. -1.5 V (z = -1) for W respectively. 
12  The shifts in potential are 
smaller in the oxochlorometallates than in the nitridochlorometallate since the oxo 
ligand is less charged and is a poorer it-donor. 
In the complex [ReNCL,] 1-,  all the ligands are it-donors and therefore it is predictable 
that the reduced form of this complex is unstable even at low temperature (e.g., 233 
K) in spite of its reversibility on the voltammetric time scale at room temperature. 
Indeed, bulk electrolysis at 233 K gave a deep rose-red solution which was due to 
decomposition of the reduced species of the complex. The decomposition product has 
not been identified yet. 
However, further lowering of the temperature made it possible to stabilise the 
reduced form of the complex. Therefore, at 219 K, the complex [ReNC1 4]' was 
studied spectroelectrochemically in situ using the OTTLE technique. Figure 6-6 
shows the process of restoring the reduced species back to the starting complex. After 
the oxidation, the UV/Vis spectrum was almost fully restored to that of [ReNd 4] 1 
except for a small "bump" due to slight decomposition of the reduction product. 
Fortunately, it did not disturb the other spectral features, which is supported by the 
presence of good isosbestic points in Figure 6-6. 
As indicated above, one more electron added to the complex to give [ReNC1 4]2 
leads to collapse of both the LMCT and the vibronically coupled bands which is 
clearly exhibited in Figure 6-6. Figure 6-7 is the spectrum of the complex after the one 
electron reduction. Besides the small band from the decomposed product, Figure 6-7 
shows that there are two very weak bands for [ReNC1 4]2 in the visible region at Ca. 
19200 and 17700 cm' which overlap the small band from the decomposition product. 
Scheme 6-2 indicates that the additional electron in [ReNC1 4]2 will enter the b2 orbital 
based on the d, orbital of Re. Transition 2 is now no longer possible but transition 1 
should be observed at low energy. We therefore assign the weak featureless peak in 
the visible region of the spectrum of [ReNC1 4]2 to an e* - b2  transition. We expect 
the ReN to be weaker in [ReNC1 4]2 and thus observe no vibronic coupling. 
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Figure 6-6 In situ UVIVis spectra of the oxidation of[ReNCL] 2 back to [ReNCI4]' in 
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Figure 6-7 UV/Vis spectrum of the electrogenerated species [ReNCI4 2 in 0.5M 
[NBu4[BF4]/dichloromethane at 219 K 
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6.4 Conclusions 
In the synthesis of [ReNC14] 1  from [ReC16]2 , the strong reducing ability of hydrazine 
excludes the possibility that the metal is first oxidised and then the nitride is formed. 
Instead, we suggest that a nitrogen centre from the hydrazine coordinates to the 
metal. An internal transfer of two d electrons from the metal centre results in 
formation of Rev' and a ReN triple bond. The other nitrogen atom from the 
hydrazine is left in the form of the ammonium ion. The existence of the ammonium ion 
in the reaction residue suggests that the proposed mechanism for the formation of the 
complex is, at least, partly correct. Any role that the sulphate can play in the 
formation of [ReNC1 4] 1 is precluded by the formation of the same complex when 
hydrazinium chloride was used. 
The significant shift in half-wave potential from 2.38 V (vs. SCE) 12 for [ReC16]0" to 
-0.18 V for [ReNC14]'42 is due to substituting two chloride ligands by the nitride 
ligand and demonstrates the great capability of the nitride ligand to stabilisation of 
high oxidation states of the metal. A similar potential shift is caused by the oxo ligand 
in complexes [MC1 6]' and [MOCl 5 ] 12 (M = Mo and W). 1° However, the 
magnitude of the shift is much smaller. 
The geometry of [ReNC14]' predicted by the ab initio calculations is in very good 
agreement with that obtained by X-ray crystallographic determination. The difference 
between the predicted stretching frequency of the ReN bond and the measured one 
(Y-Br disk) is within 2 cm'. The prediction of the band numbers and positions made 
by the ab initio calculations in the UV/Vis spectrum of the anion [ReNd 4] 1 is also in 
very good agreement with those obtained experimentally. The brief bonding scheme 
illustrated according to the ab inhtio calculations in Scheme 6-2 is supported by the 
spectroelectrochemical results. Particularly, the prediction of the stretching vibration 
frequency for the ReN bond in the excited state confirms the assignment that the 
electronic transition, e* 	b2 , is coupled to the stretching vibration of the ReN bond 
in the excited state. 
The main chloride-to-metal charge transfer absorption band in the complex 
[ReNC14] 1 lies at 29910 cm -1 approximately the same energy level as that of [Red]' 
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(29760 cm') (see Chapter 4). In the latter, there is one electron more than the nitride 
containing complex. If ligand effects are not taken into account, the charge transfer 
band for the Re" containing complex should lie at lower frequency than the Re" 
containing complex according to the variation of chloride-to-metal charge transfer 
band with oxidation state (see more details in Chapter 4). However, the very different 
geometries encountered for both complexes precludes further discussion. The vibronic 
coupling observed in the visible spectrum of [ReNCI 4] 1 is very unusual. Further 
experiments are being undertaken to observe similar transitions in other complexes 
containing the ReN moiety. 
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7.1 Introduction 
The dirhenium chloride complex [Re 2Cl8]2 has been regarded as the first complex 
which contains a quadruple metal—metal bond. 1-3  The complex is not only the 
starting material for some monomeric rhenium compounds, 4 but also is a key starting 
material for entry into the chemistry of multiply bonded dirhenium complexes.' To 
date many strategies have been developed to synthesise [Re 2Cl8]2 . Amongst these 
methods, the most difficult one is the high-pressure hydrogen reduction of a KRe0 4-
hydrochloric acid mixture.' Other methods include, (a), the reduction of perrhenate 
ion with hypophosphorous acid in a solution of boiling hydrochloric acid, 1,4  (b), 
replacement of the carboxylate ligands in Re2(OOCR)4Cl2 with chloride ion in 
concentrated hydrochloric acid, 6 (c), reaction of trirhenium nonachloride in molten 
diethylammonium chloride. 7 Method (b) has no practical use since the synthesis of the 
starting complex Re2(OOCR)4C12 itself begins with the complex [Re 2Cl8]2 . 8 Recently, 
a more effective way has been developed by Walton and co-workers. 9 This method 
involves the reduction of KRe04 in benzoyl chloride under prolonged reflux. 
The nonachiororhenate [Re 2C19]2 can be prepared from the octachlororhenate 
[Re2Cl8]2 by treatment of the complex [Re 2Cl8]2 with C12. 10 The main disadvantage of 
this method is the 48 hours chlorination step. 
In this chapter, we report novel ways of synthesising the two binuclear rhenium 
complexes starting from the complex [ReC1 6]2 . The two complexes have also been 
fully characterised using IJV/Vis spectroscopic and electrochemical techniques. 
7.2 Syntheses 
7.2.1 The Complex Octachiorodirhenate, [Re2C181 2 
[NBu4]2[ReC16] ( 100 mg, 0.11 mmol) was dissolved in a minimum of benzonitrile 
(ca. 0.1 ml). The solution was heated at Ca. 200 °C for half an hour. The solvent was 
removed in vacuo and dry ethanol (ca. 1 ml) was added to the oily residue. A dark 
green crystalline solid formed instantly. The product (25 mg, yield 38%) was collected 
after washing with cold ethanol and then dry diethyl ether and dried in vacuo. C, H, N 
analysis results for [N'Bu 4]2[Re2Cl8]: cal., 33.68, 6.36, 2.46 (%), found, 35.40, 6.47, 
2.51 (%). 
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7.2.2 The Complex Nonachlorodirhenate, [Re2C191 2 
[NBu4]2[ReCl6] ( 100 mg, 0.11 mmol) was dissolved in dichloromethane (10 ml) 
and anhydrous aluminium trichloride (62 mg, 0.46 mmol) was added to the solution. 
The dark green solution was heated under reflux under an N 2 atmosphere for 90 
minutes. After filtering off a yellow precipitate of unknown composition which 
formed on cooling, a curdy precipitate appeared in the resultant dark green filtrate. 
The mixture was filtered twice with celite to remove this precipitate. During filtration, 
the dark green solution turned purple in colour. The dichioromethane was then 
removed in vacuo, and methanol (ca. 1 ml) was added to the oily residue resulting in 
formation of a purple crystalline solid. The crystalline solid (20 mg, yield 30%) was 
filtered and washed with diethyl ether and dried in vacuo. C, H, N analysis results for 
[N"Bu4]2[Re2C19]: cal., 32.67, 6.17, 2.34 (%), found, 33.74, 6.27, 2.34 (%). 
7.3 Results and Discussion 
7.3.1 Syntheses 
Although there are no definite reaction mechanisms proposed for the synthesis 
of [Re2C18]2 (vide supra), the common feature of these preparations including the 
method described above, is that these reactions require relatively hard reaction 
conditions, e.g., high pressure, high temperature and long reaction times. Thus the 
formation of the quadruple metal—metal bond needs a strong driving force to 
overcome the high activation energy barrier. 
Contrary to the formation of the octachlorodirhenate, the reaction conditions 
presented above for the preparation of the nonachlorodirhenate are rather mild. The 
solution turns from dark green to purple during the filtration step discussed above. 
Initially the binuclear complex is formed in oxidation state IV, which is green," and 
then the complex containing Re" is air oxidised giving an average oxidation state 
+3.5. The oxidised complex [Re2C19]2 is coloured purple." 
The main difference between the two complexes is that in the former the two 
rhenium atoms are linked through a metal—metal quadruple bond whereas in the 
latter there is no direct Re—Re bond rather the two rhenium atoms are connected by 
three bridging chloride ligands. The aluminium trichloride which is a well-known 
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chloride abstractor leads to the formation of [Re 2C19]2 under mild conditions. The 
ease of formation of the nonachiorodimetallate starting from the hexachlorometallate 
has also been found for other transition metal analogue, e.g., the formation of 
nonachiorodimolybdate (llJ).t 
7.3.2 Electronic Spectra of IRe 2C181 2 and ITRe2 C191 2 
The UVIVis spectrum of the complex [Re2C18] 2 in dichloromethane is shown in 
Figure 7-1. The spectral features are identical with those reported in the literature. 12,13 
The two bands at 39150 (e = 11695 cm' mor' dm3) and 32050 cm' (c = 11878 cm 
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Figure 7-1 UV/Vis spectrum of the complex [Re2C18 ]2 in dichioromethane. 
two absorption bands are assigned to chloride-to-rhenium charge transfer transitions. 
The band at 14590 cm' (t = 2567 cm' molT 1 dm3), which gives the complex its green 
t Unpublished work in this group. [Nt 1Bu4 3 [M02C191 was formed at room temperature in 
dichioromethane solution of [N'Bu4] 2 [MoC16] when the solution was bubbled with nitrogen (see 
reference 10 in Chapter 2). 
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colour, is too intense to be assigned it to a Laporte-forbidden d—d transition. This 
band has been ascribed to a ö 4— 8 electronic transition within the metal—metal bond 
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Figure 7-2 UV/Vis spectrum of the complex [Re 2C19]2 in dichloromethane. 
In Figure 7-2, the UV/Vis spectrum of the nonachlorodirhenate, [Re2C19]2 , is shown. 
The main absorption bands are generally the same as those described by Heath et al. 13 
The main band at 36220 cm' (6 = 22270 cm' moF' dm3) with a secondary band at 
31130 cm' are assigned to LMCT transitions, which is supported by the band 
envelope shifting to higher frequency when the complex is reduced. 13  The two broad 
absorption bands at 18600 (c = 1435 cm -1 moF' dm3) and 13490 cm' (c = 1717 cm -1 
mof' dm3) are too intense to be assigned to Laporte-forbidden d—d transitions. They 
arise from inter-valence transitions within the molecular orbitals spanning the two 
rhenium centres. 
7.3.3 Electrochemistry of the Complexes, [Re 2C181 2 and IRe2 C191 2 
The complex [Re2C18]2 has been widely investigated electrochemically in different 
medja." 13,15  There are two redox processes at -0.69 and +1.39 V as shown in Figure 
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7-3, that is, [Re2C18]2 + e -+ [Re2C1 8]3 and [Re2C18]2 -e -> [Re2CI 8]'. On the cyclic 
voltammetric time scale, the reduction process is reversible whereas the oxidation 
-1.50 -1.00 -0.50 	0 	0.50 1.00 1.50 2.00 
E (V, vs. AgC1IAg) 
Figure 7-3 Cyclic voltammogram of the complex [Re 2C18]2 
in 0.5M [NBu4][BF4]/dichloromethane at 290 K. 
-1.50 -1.00 -0.50 	0 	0.50 1.00 	1.50 2.00 
E (V, vs. AgC1/Ag) 
Figure 7-4 Cyclic voltammogram of the complex [Re 2C18]2 
in 0.5M [N"Bu4][BF4]/dichloromethane at 257 K. 
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couple is only quasi-reversible. ' 5 At low temperature, the oxidation process has an 
improved reversibility (see Figure 7-4). After the reduction process [Re 2Cl8 ]2 a 
much smaller redox wave at Ca. -0.94 V is observed at room temperature which 
disappears at low temperature. We ascribe the process at -0.94 V to a daughter 
product of a chemical reaction following the reduction process [Re 2Cl 8 ]2 . This small 
wave is also observed in the cyclic voltammogram of the complex [Re 2C19]2 and the 
chemical composition of the species giving rise to this wave is unknown at present 
(see Figure 7-5). Another relatively intense redox wave at -1.12 V in the 
electrochemistry of [Re 2C18]2 can be suppressed at low temperature (Figure 7-4). The 
response of the wave at -1.12 V is indicative of [ReC1 6]2 . The [ReC1 6]2 is probably 
present in the solution from the initial synthesis reaction and is not a result of any EC 
process. 
At 233 K, the reduction process of [Re 2C18 ]2 is reversible on the time scale of bulk 
electrolysis which permits its spectroelectrochemical study. The in situ 
electrogenerated species [Re 2Cl 8]3 has an absorption band envelope centred at 6950 
cm' which exhibits a series of well-resolved vibronic coupling bands. 13  However, the 
claim, made by the same authors, 13  of a further reversible oxidation process at 1.88 V 
(versus an unknown reference electrode system) in the solvent mixture 
acetonitrile/dichloromethane (1:1) was not observed under our experimental 
conditions (0.5M [NBu 41[BF41/dich1oromethane). At room temperature the oxidised 
species [Re2Cl8]' is observed to pick up a suitable ligand, e.g., Cl-, to form [Re2C19]2 
in dichioromethane containing chloride ion.' 5 Therefore, the previous observation of a 
reversible oxidation process at +1.88 V must be questionable in a coordinating solvent 
such as acetonitrile. 
The cyclic voltammogram of [Re 2Cl9]2 in 0.5M [NBu4][BF4]/dichloromethane at 
room temperature is shown in Figure 7-5. Two reversible and one irreversible redox 
couples are observed which are the same as reported by other authors under similar 
conditions." The oxidation process at 0.67 V is interpreted as the one electron 
oxidation process [Re 2Cl9]2 to [Re2Cl9]'. The irreversible process at -0.22 V 
corresponds to the reduction process, [Re 2C19]2 + e —> [Re2Cl9]3 . The reversible 
couple at -0.71 V steadily decreases in intensity with decreasing temperature and is 
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completely absent at 212 K (see Figure 7-6). This suggests that the redox couple at 
-0.71 V is from the decomposition product of the reduced species [Re 2C19]3 . The 
-1.25 	-0.75 	-0.25 0 0.25 	0.75 	1.25 
E (V, vs. AgClIAg) 
Figure 7-5 Cyclic voltammogram of the complex [Re 2C19]2 in 
0.5M [NBu4][BF4]/dichloromethane at 290 K. 
-1.25 	-0.75 	-0.25 0 0.25 	0.75 	1.25 
E (V, vs. AgCl/Ag) 
Figure 7-6 Cyclic voltammogram of the complex [Re 2C19]2 in 
0.5M [NBu4][BF4]/dichloromethane at 212 K. 
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comparison of the differential pulse voltammograms of the complexes [Re 2C19]2 and 
[Re2C18]2 (Figure 7-7) indicates that the redox couple at -0.71 V in Figure 7-5 
corresponds to the species [Re 2C18]2 . Indeed, bulk electrolysis of the complex 
[Re2C19]2 in dichioromethane gives a blue solution whose UVfVis spectrum is 
identical with that of the complex [Re2C1 8]2 . 15 
Io.io.LA 
2.00 1.50 1.00 0.50 	0 -0.50 -1.00 -1.50 -2.00 
E (V, vs. AgClIAg) 
Figure 7-7 Differential pulse voltammogram of [Re 2C18]2  (-) 
and [Re2Cl9]2 (-----) in 0.5M [NBu 4][BF4]/dichloromethane at 
290 K. 
A close look at the cyclic voltammogram in Figure 7-5 reveals that a small redox 
wave at -0.94 V is also observed in Figure 7-3 (vide supra). Again, at low 
temperature, this redox process is completely suppressed. Therefore, we confidently 
assign this redox process to the product of the EC process of [Re 2Cl 8]2 . 
Two further reversible redox processes have been reported at 2.53 and -1.81 V 
(versus an unknown reference electrode) in either dichloromethane or the mixture of 
dichloromethane/acetonitrile (1:1) at 223 K. These were claimed to correspond to the 
oxidation couple [Re2Cl9] 0" and the reduction couple [Re2C19] 142  respectively. 13 
However, we found no evidence for either couple. 
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7.4 Conclusions 
The reaction of [NBu 4]2[ReCl6] in benzonitrile on heating affords the 
octachiorodirhenate (III). This is a simple way of synthesising [Re 2Cl8]2 compared to 
most methods reported in the literture. 1-9  However, the removal of unreacted starting 
material and the low yield are both significant problems. Hopefully, these problems 
can be sorted out using longer reaction times to drive the reaction to completion. A 
similar synthetic reaction was performed in benzoyl chloride whose boiling point (198 
°C) is comparable to that of benzonitrile (191 °C) with a typical yield up to 90%. As 
indicated above, the critical factor to maximise the yield of the synthesis of [Re 2C18]2 
is temperature. 
Compared to the standard method of synthesising the complex [Re 2Cl9]2 , 10  which 
involves the chlorination of [Re 2C18]2 , the method presented here is easier and more 
straightforward. The synthesis yield may be improved by changing solvent and 
optimising the stoichiometric ratio of [ReC1 6]27A1C13 . The other disadvantage of our 
synthetic method is the difficulty of removal of the curdy precipitate which probably 
contains an aluminium compound. 
Both the complexes, [Re 2Cl8]2 and [Re2C19]2 , exhibit rich electrochemistries in 0.5M 
[N'Bu4][BF4]/dichloromethane which is generally in good agreement with that 
reported in the literature.' 1"3"5 The electrochemical behaviour of the two complexes 
are intimately correlated by the reduction-induced cleavage of one chloride ligand 
from [Re2C19] 3 to form [Re2C18]2 as shown in Scheme 7-1. 
+e 	 +e 
[Re2Cl9] 1 	[ReCl9f -k [ReCl9f 
-e 
dark green 	purple 
 -Cl- 
 +e 
[Re2Cl8]' 	[Re2C18]2 _ - [Re2C18]3 
-e 
green 
Scheme 7-1 Electrochemical scheme and the correlation between the two complexes 
[Re2C18]2 and {Re2Cl9]2 . 
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8.1 Introduction 
An electron transfer process is very often coupled with a chemical reaction which 
may succeed, proceed or occur in a parallel fashion to the electrochemical reaction. 
These reaction systems are known as EC, CE and catalytic reaction, respectively, and 
are described as follows, 
EC mechanism: 
O+ne 	R (8-1) 
R —'-, Y (8-2) 
CE mechanism: 
Y 	0 (8-3) 
O+n& 	R (8-4) 
Catalytic mechanism: 
O+ne 	R (8-5) 
R+XLO+y (8-6) 
where the concentration of X is much higher than that of 0. Therefore, the 
concentration of X is essentially unchanged throughout the experiment and the 
chemical reaction can be treated as pseudo first order. More complicated electron 
transfer chemical reactions can also be encountered in electrode kinetic studies, e.g., 
ECE, CEC processes. Moreover, both the electrochemical and the chemical reactions 
can be either reversible or irreversible, which adds to the complexity of electrode 
kinetic studies. 
In a stationary solution containing supporting electrolyte, the only form of mass 
transportation for the electroactive species is diffusion. The diffusion process depends 
on the geometry of the working electrode. It is widely known that two types of 
working electrodes are employed in stationary voltammetry, that is, the spherical 
working electrode, normally a mercury drop electrode, and the planar working 
electrode, for example, an inert platinum electrode. Consequently, the corresponding 
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difihision models are known as spherical and planar diffusion respectively. The 
simplest model is that of linear diffusion to a planar electrode. Even in this simple 
diffusion model, it is necessary to simplify the system by assuming that the electrode is 
perfectly flat and of infinite dimensions, so that variations in concentration only occur 
perpendicular to the electrode surface. Then the diffusion process can be characterised 
by Fick's laws in a one-dimensional form.' 
Fick's first law states that the flux, J1, of any species, i, through a plane parallel to the 
electrode surface is given by equation (8-7), 
J 1 = —D 1 	(8-7) 
dx 
where Di is the diffusion coefficient and typically has a value of iO cm 2 s' and x is 
the distance between the plane and the electrode surface (cm). Obviously, under the 
diffusion process, the concentration of the species i will vary with time which is 
expressed by the Fick's second law (equation (8-8)), 
a 




where t is time (s). Integration of equation (8-8) with initial and boundary conditions 
appropriate to the particular experiment is the basis of the theory of electrochemical 
methods such as chronopotentiometiy, chronoamperometiy, and cyclic voltammetry. 1 
According to Fick's laws, the diffusion equations and the corresponding initial 
and boundary conditions for the processes described above can be evaluated and are 
summarised in Table 8_1.2 
The boundary value problems have to be solved in order to understand the 
kinetic behaviour of these electrode processes coupled to chemical reactions. Three 
main approaches have been used, that is, Laplace transform techniques, direct 
numerical solutions using finite difference techniques and conversion of the boundary 
value problem to an integral equation. 2 
In this chapter, we do not intend to detail the mathematicians' job. Neither will we 
study each of the electrode systems listed in Table 8-1. Rather, we will apply the 
results detailed in the literature for the EC process to discuss the kinetic behaviour of 
the EC processes we have encountered in the previous chapters. For example, the 
electrochemical behaviour of the complexes, [ReC1 6]2 , [ReC1 5 (NCCH3)]' and 
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[ReC1 5 (NCPh)]' will be examined and thereafter comparison will be made for the 
three kinetic techniques employed, Nicholson- Sham's 2 treatment of a cyclic 
voltammogram, double potential step (chronoamperometry) 3 and convolution 
techniques. 4 
Table 8-1 Boundary value problems for stationary electrode voltammetry with coupled 
chemical reactions2 
reaction 	diffusion equations 	initial 	 boundary conditions 
conditions 
t0,x ~!O 	t>O,x 	co 	t>O,x=O 
o + ne - 	R 	ac0 
R -'E-.y 	 - D at 	- ax2 c0 = 4 	o 
D 	- —D -- 
ca 	o 	
° ax - 	R ax 
aCR  
-.2 C R c./c. = exp[(nF/RT)(E-E °)] =D R —kc  at ax 
Y 	o 	ac - a c c + c = C; c +c 
__ = D o + ne 	R 	 Y -- - kc ax  CR = 	0 
D -- =0 
cR - >  0 
ac0 
D 0 a' c o  + kC D 	= —D 
° ax 
aCR 
=D R a2 c - — co/cR = exp[(nF/RT)(E-E)] 




Co = Co Co+Co 	
D o 
19C 
 —2- = -DR ----  
R+X ---. O+Y 
c=4=O CRO 	 ax 	ax 





Note: c o , c 	and c
* 
 are the bulk concentrations of substances 0, R and Y, respectively. 
8.2 Results and Discussion 
8.2.1 Nicholson-Shain Approach 
This approach is essentially based on the measurements of the peak anodic and 
cathodic currents and half-wave potential of the cyclic voltammogram of the 
reduction process described in equation (8-1). In principle, this is all the information 
required to obtain the rate constant k for the coupled chemical reaction (8-2). 
Obviously, we must study the EC reaction in a time domain suitable for accurate 
measurement of the parameters discussed above. This is particularly important when 
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the chemical reaction is fast since high scan rates must be used in order to observe the 
returning wave and hence so that the return peak current can be measured. 
In order to obtain the numerical solutions of the equations for the EC process (Table 
8-1), these equations are treated using the Laplace transform technique and the results 
are combined with the relevant boundary conditions (Table 8-1) to obtain a single 
integral equation. The integral equation for an EC process is shown in equation (8-9) 
and the current function is expressed in equation (8- 10).2 
1 - 
	X(z)dz at e_at_X(z)dz 
lat—z = 7eSa2(at)So 	
-Jat— z 	
(8-9) 
where k is the rate constant of the chemical reaction in equation (8-2) and ? is the 
time at which the scan is reversed in cyclic triangular wave voltammetry (see Figure 
84), Sa(at) is a time-related exponent function, x(z) is the current function and 
	
9 = exp([(nFfRT)(E 1 -E0)} 	 (8-9a) 
where E 1 is the initial potential and E° is the formal electrode potential; 
a = nFv/RT (8-9b) 
and v is scan rate (V/s); 
y = ,jD c  —/D R (8-9c) 
where D0 and DR are the diffusion coefficients of the substances 0 and R; 
z = at 	(8-9d) 




\f(k La) +i1exP[_i(E_ E
u2 )] 	(8-10) 
RT 
A plot of 'JX(at) against potential E indicates that the anodic portion of the cyclic 
voltammogram is very sensitive to the kinetic parameter, k/a, thus indicating that it 
should prove possible to determine kinetic measurements using this technique. 2 
However, the current function is also dependent on the switching potential E. 
Fortunately, a simple way of handling the data was found by Nicholson and Sham. 
They calculated a large number of single cycle theoretical curves varying both k/a and 
the switching potential E. They then determined that for a constant value of the 
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parameter ki, the ratio of anodic to cathodic peak currents, a/c, was found to be 
constant. Therefore, a series of data for both kt and the ratio of anodic to cathodic 
t 
Figure 8-1 Triangular wave potential for cyclic voltammetry. 
peak currents a/c were calculated (see Table 8-2) and a working curve was 
established (see Figure 8-2). If E 112 is known, the value of 'r can be calculated since t 
is the time taken to go from E 112 to E. The value of the rate constant k can then be 
estimated from the working curve (Figure 8-2). In order to determine the value of E 112 
experimentally, it is necessary to use fast scan rates such that the redox process is 
reversible with no following chemical reaction. 
Severe drawbacks of this method of determining k are the difficulties in accurately 
measuring the cathodic current i,_ and the half-wave potential E 112 . Two years after the 
development of the method, Nicholson proposed a semiempirical procedure which 
allowed the calculation of the ratio a/c from a single cyclic voltammogram, 5 as 
expressed in equation (8-11), 
b 	( a )o +0.485(i,)0 +0.086 	(8-11) 
i C 	 (i) 0 
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where the subscriptions a and c denote anodic and cathodic processes respectively, 
the denotations of the other variables in equation (8-11) are illustrated in Figure 8-3. 
Both 0.086 and 0.485 are empirically derived constants. A method of determining the 
Table 8-2 Kinetic parameter kt and the ratio of anodic to cathodic 
currents 1a/1c. 
k'r log(kt) Uil k-T log(kt) iahl 
0.004 -2.389 1.000 0.525 -0.280 0.641 
0.023 -1.638 0.986 0.550 -0.260 0.628 
0.035 -1.456 0.967 0.778 -0.109 0.551 
0.066 -1.180 0.937 1.050 0.021 0.486 
0.105 -0.979 0.900 1.168 0.067 0.466 
0.195 -0.710 0.828 1.557 0.192 0.415 








-2.5 	-2.0 	-1.5 	-1.0 	-0.5 	0.0 	0.5 
log(kt) 
Figure 8-2 Ratio of anodic to cathodic currents as a function of kt. 2 
value of E 112 with a fair degree of accuracy was also proposed. For an uncomplicated 
reversible electron transfer process, the half-wave potential occurs at a point where 
the current is equal to 85.17% of the cathodic peak (see Figure 8-3). 5 Thus both the 
values oft and the ratio aI c can be easily calculated from a single scan. However, it is 
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apparent that in order to obtain a value of the rate constant k, the procedure is rather 
cumbersome. Furthermore, it is of crucial importance that the resistance of the 
solution be completely compensated since failure to do so results in poorly defined 
waveforms and hence the currents and potential values determined from the 




0.20 	-0.05 	-0.30 	-0.55 	-0.80 
E (V, vs. AgCl/Ag) 
Figure 8-3 Cyclic voltammogram showing the measurements 
of the ratio a/c and the half-wave potential E 112 . 5 
As discussed in Chapter 5, the complex [ReC1 5 (NCCH3)]' follows an EC 
mechanism, that is, 
[ReC15(NCCH3)] 1 + e= [ReC1 5(NCCH3)] 2 (8-12) 
[ReC15 (NCCH3)]2 + 2CH2C12  —k—> [ReC16] 2 + C1CH2CH2C1 + CH3CN (8-13) 
The wave shape indicates that the electron transfer step is reversible and fast. Note 
that reaction (8-13), in fact, consists of three steps, i.e., 
[ReC15(NCCH3)]2 k > [ReC15 ]2 + CH3CN (8-14) 
[ReC15 ] 2 + CH202 fast > [ReC16]2 + CH2C1 	(8-15) 
2CH2C1 fast > CH2C1CH2C1 (8-16) 
However, the rate-determining step is reaction (8-14) since the other reactions are 
extremely fast. Furthermore, one of the reactants in reaction (8-13), CH 202, is the 
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solvent. Therefore, reaction (8-13) can be reasonably treated as a quasi first order 
reaction and thus the mechanism denoted in (8-12 and 8-13) will comply with the 
initial and boundary conditions listed in Table 8-1 for an EC process. 
The Nicholson-Shain technique was employed between 298.5 and 273.5 K to 
measure the rate constant k of equation (8-13). The Arhenius plot of ln(k) versus lIT 
is shown in Figure 8-4. From the results of linear regression, an activation energy AE 








3.35x10 3 3.40x10 3 3.45x10 3 3.50x10 3 3.55x10 3 3.60x10 3 
lIT (K') 
Figure 8-4 Plot of ln(k) versus l/T for the EC mechanism of [ReC1 5 (NCCH3)]' in 
0.5M [NnBu4] [BF4]/dichloromethane. 
8.2.2 Chronoamperometry, e.g., Double Potential Step Technique 
Around the same time as the Nicholson-Shain technique was developed, Schwarz 
and Shain proposed another kinetic technique , 3 chronoamperometry or the double 
potential step method for determining the rate of reaction for an EC process as 
described in (8-1 and 2). The technique compromises of two electrolysis steps at two 
appropriately controlled potentials. The rate constant k can be determined by 
analysing the resultant current-time curves. The most valuable feature of this 
technique is that several independent values of the rate constant k can be obtained 
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from one measurement. Thus an average value of k can be determined from each 
double potential step experiment. The chronoamperometric technique does not 
encounter the difficulties found in one-step and two-step chronopotentiometric 
methods. 3 In one-step chronopotentiometric method, 6 the main limitation is that the 
potential shift is small and relatively insensitive to changes in the rate constant 
whereas in the two-step chronopotentiometric method, 7 the serious limitation is from 
the charging of the electrical double layer when the system is involved in rapid 
chemical reactions. 
Assuming that the formal potential of the electrode reaction described in equation 
(8-1) is E°', the two potentials, E c and Ea, at which the current-time curves will be 
recorded, are set such that both the cathodic and anodic processes are diffusion-





0 	 T 	 2t 	 t 
Figure 8-5 General waveform for the double potential step technique. 
electrolysis, the potential is set at E c where the species 0 is reduced and the cathodic 
current-time curve is recorded. At some switching time t, the potential is jumped to 
Ea at which the reduced species R is oxidised back to 0 and a second current-time 
curve is recorded. However, not only does the electrode process consume R, but the 
chemical reaction also removes R from the solution, which leads to the more rapidly 
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decaying current-time response for the anodic response compared to the cathodic 
process. Thus the anodic current, or more precisely the ratio of the currents a/c (vide 
infra), is associated with the rate constant k although a quantitative relationship 
between the two parameters is not so straightforward. The more rapid the chemical 
reaction, the faster the anodic current decays. Typical cathodic and anodic current-




Figure 8-6 Typical cathodic-anodic current-time curves for 
[ReC1 5(NCPh)] 1 in 0.5M [NBu4] [BF4]/dichloromethane, 
where t = 5s, E = -0.75 V and Ea = 0.20 V (vs. AgClIAg). 
In order to evaluate the quantitative relationship between the currents and the rate 
constant k, the diffusion equations listed in Table 8-1 for the EC process have to be 
solved. This has been successfully undertaken using Laplace transform techniques. 
Details of the mathematical treatment can be found in the original paper. 3 The final 
equations for the cathodic and anodic currents are as follows, 
—i, = —nFACJD 0 / itt 	(8-17) 
where t <x, A is the area of the electrode and F is Faraday's constant. 
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= nFAC,JD 0 /lt(t-t) x 
et[(t 
- t)k] 
1 F1 (n + 	n +1, kt)] - C D0 / 	
(8-18) 
Ie
t I F,   (/ ,1, kt) + n! 
where 1F1()/,  ,1,kt) is a confluent hypergeometric series. The equation (8-18) can be 




 - c)  
t,t) 	1 1 
- 	
(8-19) 
where 4i reduces to unity when k = 0. 
The rate constant k can be directly calculated from equation (8-18) if the bulk 
concentration C is known. However, this is a non -trivial exercise and a simpler way 
of evaluating k is to work with the dimensionless ratio a/c. This ratio can be obtained 
by dividing equation (8-18) by equation (8-19) and introducing the restriction on the 
time of measurement as shown in equation (8-20), 
I (t—t)/t 	(8-20) -= 
ic 
From equation (8-20), a series of values of the current ratio a/c can be obtained by 
varying the values of the time ratio, (t - t)/t, and thus a series of working curves can 
be constructed in which the current ratios a/c are plotted against the dimensionless 
parameter kt (see Figure 8-7). The kinetic data presented in Chapter 5 are all obtained 
by applying this technique. 
One very positive advantage of this technique is that the values of the current ratio - 
are not sensitive to iR compensation. The comparison between ill compensated 
and non iR compensated results in the evaluation of the rate constant k for the EC 
reaction [ReCl 5 (NCCH3)]' is shown in Figure 8-8. It is immediately obvious that the 
two results are almost superimposable. However, the selection of the switching time t 
significantly affects the accuracy of the measurements. The value of t has to be 
chosen so that at each value of the time ratio (t - 'r)/'r, the dimensionless term kt is 
kept approximately the same. When t is selected between 2/3 and 3/2 times the half- 
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requirement on the selection of the switching time indicates that the consumption of 
the reduced species K through chemical reaction and the anodic process has to be well 
.,J'J 	I 	I 	I 	I 	I I 	I 
0.0 0.4 0.8 1.2 1.6 	2.0 	2.4 2.8 
kr 
Figure 8-7 Working curves for double potential step (chronoamperometry) for EC 
process. Where ia = current measured at time t i., L = cathodic current measured at time 
tr - 
balanced for a reasonably accurate measurement of the rate constant k. In this 
laboratory, an initial value of k can be easily estimated using convolution techniques 
(vide infra). 4 Usually, the results of the measurements are very reliable when the value 
of the time ratio (t - t)/t varies between 0.1 and 0.6. 
8.2.3 Convolution Technique 
In 1984, Woodard developed a numerical technique, a convolution technique, to 
measure the rate constant k for the kinetic system described in equations (8-1 and 2) 
from a single cyclic vokammogram, 4 which required that a slight peak be evident on 
t The working curves were originally for an oxidation EC process. For a reduction EC process, the 
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the return cyclic voltammogram scan. Using the boundary conditions given in Table 
8-1, the cR related differential equation can be solved by employing Laplace 
transformations to obtain, 4 
C R (O,t)=IEC I(nFAj) 	(8-21) 
The kinetic convolution integral is defined as, 
'EC 	n_1/2Jt[(t 	
-II2 
- u) i exp(-_k(t - u))Idu 
	
(8-22) 
where the cell current i is a function of u, the integral variable. 
3.35x10 3 3.40x10 3 3.45x10-3 3.50x10 3 3.55x10 3 3.60x10 3 3.65x10 3 
1/T(K) 
Figure 8-8 Influence of iR compensation (. 	compensated, U - not compensated) 
on the values of rate constant k for the complex [ReCI 5(NCCH3)]' in 05M 
[N'1Bu4] [BF4]/dichloromethane. 
Equation (8-21) indicates that the kinetic convolution integral 'EC  is proportional to 
the concentration of the reduced species R, cR (x = 0). If, in the return scan, the 
potential (ERO) is positive enough such that the concentration CR IS approximately 
zero, 'EC must also be zero. Therefore, the homogeneous rate constant k can be 
determined by systematically varying k until a value is found which gives 'EC = 0 at the 
potential ERO. In order to maintain the requirement, CR = 0 (x = 0), the value of ERO 
should be at least 200 mV more positive than the potential of the anodic peak 
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provided Bulter-Volmer conditions hold. 4 A typical kinetic convolution result and the 
original cyclic voltammogram of an EC process are shown in Figure 8-9. 
-0.80 -0.70 -0.60 -0.50 -0.40 -0.30 -0.20 -0.10 0 
E (V, vs. AgCIIAg) 
Figure 8-9a Cyclic voltammogram of the complex 
[ReCI5(NCCH3 )] 1 - in 0.5M [N1'Bu4] [BF4]/dichloromethane 
at 298 K. Scan rate v = 0.700 V/s. 
-0.80 -0.70 -0.60 -0.50 -0.40 -0.30 -0.20 -0.10 0 
E (V, vs. AgC1/Ag) 
Figure 8-9b EC kinetic convolution integeral 'EC  for the complex 
[ReC1 5(NCCH3)}' in 0.5M [NBu4][BF4]/dich1oromethane at 
298 K. The value of k for the convolution calculations is 2.3 s_ i . 
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The vital disadvantages of this technique are, (a), the rate constant k increases with 
increasing scan rate which is theoretically not expected, and (b), in order to obtain 
accurate results, the background current has to be accurately subtracted and mass 
transfer be adequately described by the assumed model, e.g., simple planar diffusion. 4 
As discussed in Chapter 3, the complex [ReC1 6]2 undergoes an EC process, that is, 
[ReC16 ]2 + e 	[ReC16 ]3 	(8-23) 
[ReC16]3' + py --k—> [ReCl 5py]2 + Cl 	(8-24) 
The same argument as used for reaction (8-13) is used here and thus the above 
chemical reaction following the reduction step can be treated as a quasi first order 
reaction. Using the convolution technique, the rate constant k was measured between 
298 and 239 K and the plot of In (k) versus lIT is shown in Figure 8-10, from which 
the activation energy 28 ± 2 kJ/mol for the chemical reaction of the reduced species 










3.40x1ff3 3.60x1ff3 	3.80x1ff3 4.00xlff3 4.20x1ff3 	4.40x1ff3 
1/T(K) 
Figure 8-10 Plot of In(k) obtained using convolution technique against 1/K for the 
complex [ReC1 6]2 in 0. 1M [NBu4][BF4]/pyridine. Note: activation energy i.\E = 28 ± 
2 kJ/mol. 
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8.3 Conclusions 
There is no doubt that very satisfactory Arhenius plots can be achieved by careful 
measurements using the three techniques. In Figure 8-11, the plots of ln(k) against 
l/T for the EC mechanism of the complex [ReC1 5 (NCCH3)]' in 0.5M 
[NBu4][BF4]/dich1oromethane are shown. The activation energies obtained from 
Nicholson-Sham, convolution and double potential step methods are 84 ± 4, 61 ± 1 
and 65 ± 4 kJ/mol, respectively. There is no absolute value of the rate constant k 
which can be used as a standard to justify which technique gives the most precise 
results for a concerted EC mechanism. However, the error bars in Figure 8-11 
indicate that the double potential step method produces the most accurate results. The 
double potential step method minimises errors as one experiment yields several values 
of the rate constant k for a given temperature from which an average value of k may 









3.35x10 3 3.40x10 3 3.45x10 3 3.50x10 3 3.55x10 3 3.60x10 3 
lIT (K') 
Figure 8-11 Comparison of the results obtained from the three techniques for the EC 
mechanism of the complex [ReC1 5 (NCCH3)]' in 0.5M pin  BU4][BF4]/dichloromethane. 
• Double potential step method; —o--- Convolution method; • Nicholson-
Shain method. 
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Reproducibility of each of these techniques is a serious matter. Even for the double 
potential step method, the results of repeated measurements are not very satisfactory 
as shown in Table 8-3. However, the experience in our laboratory indicates that the 
chronoamperometric method gives the most reliable values of k amongst the three 
techniques discussed. Therefore, in our laboratories we routinely use this method in 
the studies of EC mechanisms. 
Table 8-3 Reproducibility of the double potential step methodt 
activation 
concentration energy AE k () at correlation 
(molldm3) 	 temperature range (K) (kJ/mol) 298 K coefficient 
5.4x10 3 298.3-278.1 78±3 2.6±0.1 0.998 
9.3x10 3 	298.5-278.6 65±4 3.4±0.3 0.994 
9.3x10 3 298.3-278.0 79±4 2.6±0.3 0.996 
EC 	process for the 	complex [ReC1 5(NCCH3)]' in 	0.5M [NBu4][BF4]/ 
dichioromethane. 
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Al. 1 Electrochemical Techniques 
AI.1.1 Cyclic Voltammetry 
Cyclic voltammetry is a transient technique which has been widely used in kinetic 
studies for a wide variety of mechanisms. In this technique, the scan rate, or sweep 
rate typically ranges from a few mV/s to a few hundred V/s.' It is possible to scan at 
much higher rates but this requires specialised equipment. A typical scan rate is 100 
mV/s which is much faster than that used in steady state techniques such as direct 
current voltammetry, e.g., in classic polarography. Cyclic voltammograms recorded at 
relatively high scan rates exhibit a different form from that obtained under steady state 
conditions where the current-potential response is a S-shaped curve with plateau 
regions before and after the half-wave potential. A typical cyclic voltammogram is 
shown in Figure Al-i. As the potential is swept through the half-wave potential of the 
E 
-0.75 -0.50 -0.25 	0 	0.25 0.50 0.75 1.00 
E (V, vs. SCE) 
Figure Al-i A typical cyclic voltammogram (K4[Fe(CN)6 1 in 1M KC1). 
redox species, the concentration of the reduced species (oxidised species) at the 
surface of the electrode rapidly reaches zero which gives rise to a maximum 
concentration gradient and hence a maximum current is expected. Diffusion processes 
will result in more oxidised (reduced) species approaching the electrode and hence the 
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current decreases to a steady state diffusion limited value. Therefore, the current-
potential curve is peak-like rather than the S-shaped curve described above. 
For a reversible electrode process, the half-wave potential E 112 is equal to half the 
sum of the anodic and cathodic peak potential, 	+ E). At 297 K the potential 
difference (B; -E aP )  equals 59 mV for a one-electron transfer process. The ratio of 
the anodic and cathodic currents is unity. Moreover, both the anodic and cathodic 
potentials are independent of scan rate.' 
AI.1.2 Stirred Cyclic Voltammetry 
In stirred cyclic voltammetry, typically, a 20 mV/s scan rate is used and the solution 
is continually stirred, ideally by a rotating disc electrode, which allows no 
accumulation of the product of the electrode process at the surface of the electrode. 
Therefore, the forward and return curves are essentially the same with the same S-
shaped curve obtained under steady state conditions. The main function of this 
technique is to identify the oxidation state of a given redox couple, M'. 
Conventionally, an anodic current is defined as positive whereas a cathodic current is 
defined as negative. 
AI.1.3 Alternating Current Voltammetry and Differential Pulse Voltammetry 
When a sinusoidal component or a differential pulse component is superimposed on 
a linearly varying potential, the resultant voltammetries are called alternating current 
(AC) voltammetry and differential pulse (DP) voltammetry respectively. Both the 
methods give bell shape voltammograms. In fact, both the AC and DP 
voltammograms are substantially the result of differentiating the direct current 
voltammogram. The peak potentials for both AC and DP voltammograms are 
essentially the same as the half-wave potential of a direct current voltammogram. 
Moreover, the more reversible the electrode process, the higher the peak height of 
either an AC or a DP voltammogram. The shape of AC and DP voltammograms result 
in increased resolution compared to cyclic voltammetric waves and may be most 




Coulometry is a controlled potential bulk electrolysis method in which the potential 
is set to a value typically 150 mV greater than the half-wave potential of the electrode 
process. During the electrolysis, the electrolysis current decays in the following way, 2 
it=ioe 	(AI-1) 
where i, is the current at time t, i o is the current when t = 0 and k is a constant. 
Integrating equation (AI-1) will give the total charge, Q, consumed during the bulk 
electrolysis step. Therefore, according to Faraday's law, the number of electrons 
involved in the electrode process can be calculated, 
n = 	(AI-2) 
FW 
where F is Faraday constant (96485 C), M is the molecular weight of the electroactive 
compound and W is the amount of the compound. 
AI.1.5 Chronoamperometry, - Determination of working electrode area and 
the diffusion coefficient of an electroactive compound 
For a redox process as described in equation (AI-3), on a planar electrode the 
current-time response is expressed in equation (41-4) providing the electrode process 
is diffusion-controlled , 2 
O+ne=R (41-3) 
= nFAC"2 D 2 t 2 	(AI-4) 
where A is electrode area (cm 2), D0 is the diffusion coefficient (cm 2/s) of 0, F is 
Faraday's constant, n is the number of electrons involved in the electrode process, 
is the initial concentration of the species 0 (mollcm) and t is the time (s). According 
to equation (41-4), the linear relation between the cathodic current (anodic current for 
a oxidation process) and f11'2  is straightforward. A typical i-t' response is shown in 
Figure 41-2. The gradient for this straight line is nFAC7 2 D 2 from which either 
the electrode area A or the diffusion coefficient D 0 can be measured providing the 
other parameter and the concentration are known. In this way, the electrode area and 
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hence the diffusion coefficients for the complexes [ReC1 6]2 , [ReCI5(NCCH3)]' and 
[ReC15(NCCH3)] 1  were determined and are tabulated in Table AI-I. 
-2 
i (pA) -3 
-4 
IR 
0.5 	1.0 	1.5 	2.0 	2.5 	3.0 	3.5 
t- 1/2 (1I2) 
Figure AI-2 A typical linear plot of current-f 1/2 (from [ReC1 5(NCCH3)] 1 + & 
[ReC1 5 (NCCH3)]2 in 0.5M [NBu4] [BF4]/dichloromethane). 
Table Al-i Diffusion coefficient of some rhenium compoundst 
compound 	 temperature (K) diffusion coefficient (cm 2/s) 
[NBu4]2 [ReCl6] 	 296.4 	 (1.2 ± 0.1) x  10 
[N'Bu4][ReCl5(NCCH3)] 	292.2 	(0.68 ± 0.04) X  10 
[N'Bu4][ReCl5(NCPh)] 	296.2 	(0.73 ± 0.03) x 




AI.2 Electrochemical Equipment 
AI.2.1 Electrochemical Cells 
A conventional electrochemical cell for cyclic voltammetry and an H-type cell for 
bulk electrolysis experiments have been fully described elsewhere. 3 For kinetic studies, 
the temperature of the cell is kept constant by jacketing and connecting the jacket to a 
cooling bath (HAAKE Q, made in Germany). 
AI.2.2 Electrode System and Electrochemical Experimental 
Electrochemical experiments were performed using a DELL 466 DL personal 
computer, running GPES (version 4.2 or 4.4) software (Eco Chemie) driving an 
Autolab PSTAT1O or 20 Potentiostat. Conventional electrochemical experiments 
employed a standard three-electrode system, a working electrode (0.5 mm diameter 
planar platinum disc), a 2 mm platinum rod counter electrode and a Ag/AgCII 0.05M 
[N11Bu4]Cl, 0.45M [N'Bu4][BF4]/dich1oromethane reference electrode. Scan rates of 
0.1 V/s were routinely used in cyclic voltammetric experiments, unless otherwise 
stated. Potentials are quoted relative to the above reference electrode on which the 
ferrocenium/ferrocene couple was measured at +0.55 V at room temperature. Bulk 
electrolysis experiments were performed using Pt mesh electrodes as working and 
counter electrodes. The working and counter electrode solution apartments were 
separated by a glass frit. The reference electrode was the same as described above. All 
solutions were purged with nitrogen or argon prior to study. 
Concentrations of the complexes for cyclic voltammograms were approximately 10 
M, unless otherwise stated. Except for Chapter 8, the reversible mainly means 
chemically reversible. 
AI.3 Spectroelectrochemical Technique 
In situ electrogeneration experiments were performed in the sample chamber of a 
9 LIV/Vis/NIR spectrophotometer (Perkin Elmer) with the electrochemical/ 
spectroscopic cell connected to a potentiostat (Methohm). The OTTLE cell employed 
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is the same as described in Scheme 1-11 in Chapter 1. 
AI.4 Other Techniques and Equipment 
AI.4.1 UVIVisINIIR Spectroscopy 
All electronic spectra were collected on the spectrophotometer, X-9 (Perkin Elmer), 
using 0.05cm thin quarts cell with the appropriate solvent, which was either freshly 
distilled dichloromethane or dry acetonitrile, unless otherwise stated. 
AI.4.2 Electron Paramagnetic Resonance Spectroscopy 
Solution, powder or low temperature (77 K) EPR spectra were collected on an X-
band ER 200D-SRC spectrometer (Bruker). 
AI.4.3 FTIR Spectroscopy 
The data collection of FT1R were recorded on an FTIR 2000 spectrometer (Perkin 
Elmer) using solution, KBr disk or nujol mull techniques. 
A1.4.4 Extended Hückel Molecular Orbital Calculations 
The calculations were carried out on a PC computer using CAChe 3.0 (Oxford 
Molecular Group) software. 
AI.4.5 Crystallography and C, H, N Analysis 
These services were provided by the Department of Chemistry at the University of 
Edinburgh (Drs. R. 0. Gould and S. Parsons for crystallography). 
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Table All- la. Crystal data and structure refinement for [N'Bu 4][ReCl5py)] 
Empirical formula 	 C21H41 C15N2Re 









F(0 0 0) 






Data / restraints / parameters 





a = 10.770(2) A, b = 19.034(4) A, c = 14.052(3) 
A, p = 103.28(3)0 




1.83 to 23.56° 
-10:!~ h:!~ 12,-21:!~ k:!~ 19,-15:!~ l13 
4424 
4104 (R t = 0.05 15) 
None 
Full-matrix least-squares on F 2 
4104/0/267 
1.027 
Final R indices [I> 2cr (I)] 	R1 = 0.0407 
R indices (all data) 	 wR2 = 0.1207 
Extinction coefficient 0.00 17(2) 
Largest dill peak and hole 	1.519 and -0.847 eA 3 
Table All- lb. Atomic coordinates (x iOn) and equivalent isotropic displacement 
parameters (A2 x 1 O) for [N°Bu4] [ReCl5py)]t 
x y z U(eq) 
Re(1) 1420(1) 8709(1) 1941(1) 57(1) 
Cl(1) 166(2) 9672(1) 2161(1) 60(1) 
C1(2) 2463(2) 9404(1) 998(1) 63(1) 
 322(2) 7979(1) 2827(1) 57(1) 
 2590(2) 7735(1) 1614(1) 68(1) 
 2911(2) 8991(1) 3373(1) 69(1) 
N(1) -9(5) 8454(3) 644(4) 51(1) 
 -464(7) 8944(4) -49(5) 59(2) 
 -1401(7) 8798(4) -879(6) 65(2) 
 -1886(7) 8145(4) -1005(5) 68(2) 
C(S) -1436(7) 7639(4) -317(5) 67(2) 
C(6) -511(7) 7813(3) 479(5) 62(2) 
N(2) 2024(5) 6016(3) -1482(4) 56(1) 
 1134(7) 5449(3) -1267(6) 64(2) 
 1572(8) 4698(4) -1366(9) 91(3) 
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Table All- lb continued 
 646(9) 4159(5) -1167(7) 90(2) 
 -607(11) 4143(5) -1841(8) 107(3) 
 3336(6) 5962(4) -825(5) 60(2) 
 3439(8) 6008(5) 267(6) 78(2) 
 4809(9) 6044(5) 808(7) 9 1(3) 
 5443(11) 6731(6) 678(7) 101(3) 
 1393(7) 6717(4) -1348(5) 64(2) 
 2107(7) 7368(4) -1556(6) 69(2) 
 1375(8) 8019(4) -1458(6) 76(2) 
 2051(10) 8670(4) -1643(7) 80(2) 
 2191(6) 5945(4) -2535(5) 63(2) 
 1034(8) 6021(5) -3332(6) 77(2) 
 1440(10) 5946(8) -4295(7) 111(4) 
 351(12) 6061(8) -5169(8) 128(4) 
t U(eg) is defined as one third of the trace of the orthogonalized Uji tensor. 
Table All-ic Bond lengths (A) and angles (°) for [NBu4][ReCl5py)] 
Re(1)-N(1) 2.153(5) Re(i)-CI(5) 2.331(2) 
Re(1)-C1(2) 2.334(2) Re(1)-Cl(1) 2.339(2) 
Re(1)-C1(4) 2.346(2) Re(1)-CI(3) 2.358(2) 
N(1)-C(6) 1.334(8) N(1)-C(2) 1.355(9) 
C(2)-C(3) 1.383(10) C(3)-C(4) 1.345(10) 
C(4)-C(5) 1.372(10) C(5)-C(6) 1.357(10) 
N(2)-C(21) 1.504(9) N(2)-C(1 1) 1.519(8) 
N(2)-C(3 1) 1.530(9) N(2)-C(41) 1.537(9) 
C(11)-C(12) 1.521(10) C(12)-C(13) 1.502(11) 
C(13)-C(14) 1.459(13) C(21)-C(22) 1.515(10) 
C(22)-C(23) 1.498(12) C(23)-C(24) 1.506(14) 
C(3 1)-C(32) 1.521(10) C(32)-C(33) 1.493(10) 
C(33)-C(34) 1.490(11) C(41)-C(42) 1.478(11) 
C(42)-C(43) 1.521(12) C(43)-C(44) 1.507(15) 
N( 1)-Re(1)-Cl(5) 178.02(14) N( 1)-Re( 1)-Cl(2) 89.47(14) 
C1(5)-Re(1)-C1(2) 91.96(7) N( l)-Re( 1)-Cl( 1) 88.08(14) 
Cl(5)-Re(1)-C1(1) 90.56(7) C1(2)-Re(1)-C1(1) 89.96(6) 
N( 1)-Re( l)-C1(4) 88.16(14) C1(5)-Re( l)-C1(4) 93.22(7) 
C1(2)-Re( l)-C1(4) 89.22(6) Cl( 1 )-Re( 1 )-Cl(4) 176.16(6) 
N( 1)-Re(1)-Cl(3) 88.08(14) C1(5)-Re( l)-C1(3) 90.51(6) 
Cl(2)-Re(1)-C1(3) 177.34(6) Cl( 1)-Re( 1)-Cl(3) 91.01(6) 
C1(4)-Re(l)-C1(3) 89.65(6) C(6)-N( 1)-C(2) 116.1(6) 
C(6)-N(1)-Re(l) 122.4(4) C(2)-N(1)-Re(1) 121.5(4) 
N( 1)-C(2)-C(3) 122.7(6) C(4)-C(3)-C(2) 118.9(7) 
C(3)-C(4)-C(5) 119.5(7) C(6)-C(5)-C(4) 118.8(7) 
N(1)-C(6)-C(5) 124.0(6) C(2 1)-N(2)-C( 11) 112.1(5) 
C(2 1)-N(2)-C(3 1) 111.4(5) C( 1 1)-N(2)-C(3 1) 106.1(5) 
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Table All-ic continued 
C(2 1)-N(2)-C(4 1) 106.5(5) C( 1 I)-N(2)-C(4 1) 110.4(5) 
C(3 1)-N(2)-C(41) 110.4(5) N(2)-C(1 l)-C(12) 115.2(6) 
C(13)-C(12)-C(1 1) 113.1(7) C(14)-C(13)-C(12) 116.7(8) 
N(2)-C(2 1)-C(22) 117.3(6) C(23)-C(22)-C(21) 110.6(7) 
C(22)-C(23)-C(24) 113.5(8) C(32)-C(3 I)-N(2) 115.3(5) 
C(33)-C(32)-C(3 1) 110.9(6) C(34)-C(33)-C(32) 112.7(7) 
C(42)-C(4 1)-N(2) 117.1(6) C(4 1)-C(42)-C(43) 107.4(7) 
C(44)-C(43)-C(42) 112.5(9) 
Table All-id. Anisotropic displacement parameters (A2 x 10) for [NBu4][ReC15py)]t 
U11 U22 U33 U23 U 1 3 U12 
Re(1) 59(1) 52(1) 64(1) 1(1) 20(1) 1(1) 
C1(i) 64(1) 47(1) 74(1) -6(1) 25(1) 3(1) 
CI(2) 63(1) 58(1) 75(1) 7(1) 30(1 -5(1) 
C1(3) 62(1) 54(1) 61(1) 7(1) 24(1) 0(1) 
C1(4) 72(1) 58(1) 81(1) 6(1) 34(1) 16(1) 
CI(5) 62(1) 72(1) 69(1) 5(1) 5(1) -9(1) 
N(1) 55(3) 47(3) 51(3) -4(2) 13(2) -2(2) 
 72(4) 49(3) 56(4) 4(3) 15(3) 4(3) 
 70(4) 61(4) 63(4) 7(3) 14(3) 3(3) 
 72(4) 70(4) 61(4) -4(3) 14(3) -4(3) 
 75(4) 55(4) 73(4) -6(3) 23(4) -12(3) 
 74(4) 47(3) 67(4) 0(3) 19(3) -2(3) 
N(2) 58(3) 49(3) 65(3) 1(2) 25(2) 0(2) 
C(1i) 62(4) 55(4) 82(4) 4(3) 34(3) -5(3) 
 74(5) 54(4) 152(9) 11(5) 41(5) 2(4) 
 94(6) 66(5) 109(7) 15(4) 22(5) -13(4) 
 121(8) 70(5) 121(8) 2(5) 9(6) -18(5) 
Q2 1) 58(4) 56(4) 67(4) 7(3) 18(3) 4(3) 
 87(5) 80(5) 69(4) 10(4) 22(4) -13(4) 
 98(6) 84(5) 80(5) 17(4) -1(5) -1(5) 
 114(7) 113(8) 70(5) -2(5) 10(5) -15(6) 
Q3 1) 66(4) 61(4) 73(4) 4(3) 33(3) 9(3) 
 73(4) 56(4) 82(5) 3(3) 27(4) 0(3) 
 91(5) 60(4) 84(5) 9(4) 35(4) 11(4) 
 95(6) 65(5) 76(5) 2(3) 12(5) 3(4) 
 62(4) 65(4) 68(4) 1(3) 27(3) 0(3) 
 74(5) 87(5) 71(5) 0(4) 17(4) -6(4) 
 92(6) 174(11) 69(5) -7(6) 24(5) -25(7) 
 106(8) 196(12) 75(6) -2(7) 11(6) -18(9) 
t The anisotropic displacement factor exponent takes the form: -2 71  [h  2 a* 2  U11 + 
+2hka*b*U 12]. 
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Table All- le Hydrogen coordinates (x 104  ) and isotropic displacement parameters 
(A2 x 1 O) for [N'1Bu4] [ReCl5py)] 
X Y z U(eq) x Y z U(eq) 
H(2) -132 9397 37 71 H(3) -1690 9146 -1341 78 
H(4) -2522 8037 -1555 81 H(5) -1760 7184 -395 80 
H(6) -209 7464 937 74 H(11A) 304 5512 -1707 76 
H(1 1B) 1027 5515 -606 76 H(12A) 1693 4630 -2023 109 
H(12B) 2390 4627 -913 109 H(13A) 1033 3699 -1172 108 
H(13B) 524 4237 -513 108 H(14A) -1081 3747 -1690 160 
H(14B) -505 4102 -2499 160 H(14C) -1058 4568 -1775 160 
H(21A) 3857 6333 -1004 72 H(21B) 3704 5518 -959 72 
H(22A) 2993 6423 411 93 H(22B) 3038 5600 482 93 
H(23A) 5274 5665 584 109 H(23B) 4859 5970 1499 109 
H(24A) 5001 7108 913 151 H(24B) 5416 6802 -2 151 
H(24C) 6314 6721 1041 151 H(31A) 546 6724 -1775 77 
H(3 1B) 1294 6744 -680 77 H(32A) 2935 7387 -1103 82 
H(32B) 2244 7339 -2214 82 H(33A) 552 7998 -1917 91 
H(33B) 1226 8039 -804 91 H(34A) 1503 9068 -1647 120 
H(34B) 2273 8634 -2265 120 H(34C) 2812 8727 -1137 120 
H(41A) 2804 6296 -2633 76 H(41B) 2561 5488 -2600 76 
H(42A) 645 6476 -3296 92 H(42B) 417 5660 -3278 92 
H(43A) 2108 6285 -4312 133 H(43B) 1790 5480 -4332 133 
H(44A) 86 6543 -5190 191 H(44C) 623 5948 -5755 191 
Table A11-2a Crystal data and structure refinement for frans-[NPr 4}[ReC1(py)2} 
Empirical formula 	 C22H38CI4N3Re 









F(0 0 0) 












a = 17.628(4) A, b = 7.918(2) A, c = 10.083(2) A, 
cx = 89.98(3)°, 0 = 101.21(3)°, 'y = 89.99(3)° 




2.81 to 25.02° 




Full-matrix least-squares on F 2 
2311/18/132 
1.081 
Final R indices [I> 2 (I)] 	R1 = 0.0497 
R indices (all data) 	 wR2 = 0.1287 





Atomic coordinates (x 10) and equivalent isotropic 
x iO) for trans [NPr4][ReC14py)211  
x 	 y 	 z 
displacement 
U(eq) 
Re(1) 5000 0 5000 23(1) 
C1(l) 4269(2) 1608(4) 6304(3) 34(1) 
CI(2) 4531(2) 1758(4) 3095(3) 38(1) 
N(1) 5958(6) 1639(13) 5595(11) 30(2) 
 6700(7) 1016(15) 5904(12) 27(3) 
 7318(9) 2051(19) 6189(15) 39(3) 
 7226(8) 3793(17) 6256(16) 38(3) 
 6474(9) 4467(17) 5970(16) 43(4) 
 5821(8) 3346(20) 5625(17) 43(4) 
N(1') 4930(20) 4211(19) 32(38) 23(4) 
 4626(21) 5424(47) -1122(39) 39(11) 
 4009(24) 6553(57) -713(34) 58(12) 
 3562(30) 7468(67) -1998(47) 73(17) 
 5496(15) 5218(43) 1156(26) 19(8) 
 6148(19) 6245(43) 778(28) 38(9) 
 6580(21) 7261(44) 2002(32) 39(9) 
 4471(17) 3141(40) 695(30) 16(8) 
C(8) 3846(18) 2222(41) -304(27) 32(9) 
 3436(16) 945(33) 486(28) 29(7) 
 5545(27) 3076(64) -567(48) 57(16) 
 6049(15) 1783(38) 317(23) 23(6) 
 6707(23) 1269(60) -446(44) 69(11) 
t U(eg) is defined as one third of the trace of the orthogonalized Uji tensor. 
Table AR-2c Bond lengths (A) and angles (°) for trans-{NPr4][ReC1(py) 2]t 
Re(1)-N(1)#1 2.122(10) Re(l)-N(1) 2.122(10) 
Re( 1 )-Cl( 1) 2.381(3) Re( l)-C1( l)# 1 2.381(3) 
Re(1)-C1(2) 2.386(3) Re(1)-CI(2)#1 2.386(3) 
N(l)-C(6) 1.37(2) N(1)-C(2) 1.38(2) 
C(2)-C(3) 1.35(2) C(3)-C(4) 1.39(2) 
C(4)-C(5) 1.41(2) C(5)-C(6) 1.44(2) 
N( 1')-C(7') 1.42(4) N(l')-C( 1') 1.52(4) 
N(1')-C(4') 1.57(4) N(l')-C( 10') 1.61(5) 
C( 1')-C(2') 1.53(2) C(2')-C(3') 1.56(2) 
C(4')-C(5') 1.51(2) C(5')-C(6') 1.54(2) 
C(7')-C(8) 1.53(2) C(8)-C(9') 1.55(2) 
C( l0')-C(l 1') 1.52(2) C( 1 1')-C(12') 1.57(2) 
N(l)#l-Re(1)-N(1) 180.0 N(l)#1-Re(l)-C1(l) 89.8(3) 
N(1)-Re(l)-C1(l) 90.2(3) 	. N(l)#1-Re(l)-C1(l)#1 90.2(3) 
N( l)-Re(1)-C1( 1)#1 89.8(3) C1( l)-Re(l)-C1( 1)#1 180.0 
N( l)# l-Re( 1)-Cl(2) 89.8(3) N( l)-Re( l)-Cl(2) 90.2(3) 
Cl(l)-Re(l)-C1(2) 89.58(13) C1(1)#1-Re(l)-C1(2) 90.42(13) 
N(l)#l-Re(1)-C1(2)#1 90.2(3) N(l)-Re(l)-Cl(2)#1 89.8(3) 
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Table A11-2o continued 
Cl( l)-Re(1)-C1(2)#1 90.42(13) C1( l)#l-Re(l)-Cl(2)#1 89.58(13) 
Cl(2)-Re(l)-C1(2)# 1 180.0 C(6)-N( l)-C(2) 120.7(11) 
C(6)-N( 1)-Re(1) 118.3(9) C(2)-N( 1)-Re( 1) 120.9(8) 
C(3)-C(2)-N(l) 121.6(12) C(2)-C(3)-C(4) 121.0(14) 
C(3)-C(4)-C(5) 118.7(13) C(4)-C(5)-C(6) 119.5(13) 
N(1)-C(6)-C(5) 118.4(13) C(7')-N(l')-C(l') 126(3) 
C(7')-N( 1')-C(4') 108(3) C( 1')-N( 1')-C(4') 108(2) 
C(7')-N( 1')-C( 10') 109(2) C( 1')-N( 1')-C( 10') 103(3) 
C(4')-N( 1')-C( 10') 100(3) N( 1')-C( l')-C(2') 109(3) 
C( l')-C(2')-C(3') 109(2) C(5')-C(4')-N( 1') 120(2) 
C(4')-C(5')-C(6') 111(2) N( 1')-C(7')-C(8) 112(3) 
C(7')-C(8)-C(9') 109(2 C( 1 1')-C( 10')-N( 1') 121(3) 
C( 10')-C(l 1')-C( 12') 107(2) 
t Symmetry transformations used to generate equivalent atoms: #1 -x+l-y-z+1. 
Table A11-2d 	Anisotropic displacement parameters (A2 x iO) for 	Irans- 
[NPr4} [ReCI4(py)2]t 
U11 U22 U33 U23 U13 U 1 2 
Re(l) 17(1) 25(1) 25(1) -1(2) 4(1) -3(2) 
CI(l) 24(2) 44(2) 37(2) -11(2) 13(1) 3(2) 
C1(2) 37(2) 38(2) 36(2) 10(2) -1(1) 0(2) 
N(1) 25(6) 22(5) 41(6) -1(5) 2(5) -3(5) 
 15(6) 31(7) 30(7) -13(5) -7(5) 4(5) 
 3 1(8) 48(8) 42(8) -2(7) 17(6) 1(7) 
 27(8) 30(6) 55(9) -7(6) 6(7) -11(6) 
 38(9) 31(7) 61(10) -15(6) 13(7) -9(6) 
 17(7) 46(8) 71(11) -16(8) 21(7) 0(6) 
The anisotropic displacement factor exponent takes the form: -2 71 2  [h2 a*2  U11  + 
+2hka*b* U12). 
Table All-2e Hydrogen coordinates (x 104  ) and isotropic displacement parameters 
(A 2 x 10) for trans-[NPr4][ReCI4(py)2] 
X y z U(eq) x y z U(eq) 
H(2) 6777 -146 5916 32 H(3) 7813 1593 6344 47 
H(4) 7654 4497 6485 45 H(5) 6398 5628 6002 51 
H(6) 5319 3768 5428 52 H(1A) 4407 4793 -1930 47 
H(1B) 5047 6111 -1318 47 H(2A) 4249 7378 -52 70 
H(2B) 3654 5877 -312 70 H(3A) 3188 8222 -1749 88 
H(3B) 3304 6646 -2628 88 H(3C) 3920 8098 -2410 88 
H(4A) 5185 5981 1580 23 H(4B) 5727 4412 1841 23 
H(5A) 5938 7016 50 46 H(5B) 6508 5495 456 46 
H(6A) 6986 7909 1736 46 H(6B) 6799 6497 2714 46 
H(6C) 6225 8008 2318 46 H(7A) 4229 3814 1301 19 
H(7B) 4803 2316 1235 19 H(8A) 4076 1631 -970 38 
H(88) 3474 3029 -773 38 H(9A) 3024 397 -126 35 
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Table All-2e continued 
H(9B) 3227 1533 1168 35 H(9C) 3801 115 907 35 
H(10A) 5258 2474 -1343 68 H(10B) 5890 3847 -906 68 
H(11A) 5744 802 458 27 H(1 1B) 6267 2271 1190 27 
H(12A) 7031 430 69 83 H(12B) 7012 2245 -557 83 
H(12C) 6482 818 -1318 83 
Table A111-3a Crystal data and structure refinement for cis-ReCL(py) 2 
Empirical formula C 10H10CI4N2Re 
Formula weight 486.20 
Temperature 220(2)K 
Wavelength 0.71073 A 
Crystal system Monoclinic 
Space group C2/c 
Unit cell dimensions a= 7.3644(10) A, b = 14.132(2) A, c= 13.164(2) 
A, 3 = 91.86(2)° 
Volume, Z 1369.3(3) A3, 4 
Density (calculated) 2.358 Mg/m3 
Absorption coefficient 9.632 mni' 
F(0 0 0) 908 
Crystal description Yellow lath developed in (0 10) 
Crystal size 0.35 x 0.19 x 0.08 mm 
B range for data collection 3.10 to 25.02 0 
Index ranges -8:!~ h:!~ 8,-1:!~ k:516,-1:51:!~ 15 
Reflections collected 2360 
Independent reflections 1070 (R, = 0.1025) 
Scan type CO-0 
Absorption correction Difabs (Tin= 0.767, Tmax=1. 109) 
Data/restraints/parameters 1063/0/78 (Full-matrix least-squares on F 2) 
Goodness-of-fit on F 2 1.110 
Conventional R (F> 4cy (F)) R1 = 0.0527 
Rindices (all data) wR2 = 0.1807 
Final maximum delta/sigma -0.001 
Largest duff peak and hole 2.599 and -1.291 eA 3 
Table AII-3b Atomic coordinates (x 10) and equivalent isotropic displacement 
parameters (A2 x 10) for cis_ReCI4(py)2t 
x y U(eg) 
Re(1) 5000 3816(1) 2500 32(1) 
 3286(6) 4943(3) 3329(3) 45(1) 
 2797(6) 3751(2) 1178(3) 41(1) 
N(1) 3629(18) 2699(9) 3282(9) 37(3) 
 1838(23) 2753(12) 3453(11) 44(4) 
 943(25) 2038(11) 3916(11) 49(4) 
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Table All-3b continued 
1885(24) 	1237(12) 	4293(14) 	46(4) 
3716(26) 1201(10) 4094(12) 41(4) 
4556(24) 	1939(11) 	3645(11) 	44(4) 
t U(eq) is defined as one third of the trace of the orthogonalized Ujj tensor. 
Table A11-3c Bond lengths (A) and angles (°) for cis-ReCI4py) 21 
Re(1)-N(1)#1 	2.154(12) 	Re(1)-N(1) 	 2.154(12) 
Re( 1)-Cl( 1) 2.326(4) Re( 1)-C1( 1)l 2.326(4) 
Re( 1 )-C1(2)# 1 	2.342(4) 	Re( 1 )-C1(2) 	 2.342(4) 
N(1)-C(2) 1.35(2) N(1)-C(6) 1.35(2) 
C(2)-C(3) 1.36(2) C(3)-C(4) 1.41(2) 
C(4)-C(5) 1.38(3) C(5)-C(6) 1.36(2) 
N( 1)#1-Re(l)-N(1) 85.7(7) N(1)#1-Re( 1)-C1( 1) 174.9(4) 
N(1)-Re(1)-0(1) 90.4(4) N(1)#1-Re(1)-Cl(1)#1 90.4(4) 
N(1)-Re(1)-Cl(1)#1 174.9(4) Cl(1)-Re(1)-C1(1)#1 93.6(2) 
N(1)#1-Re(1)-C1(2)#1 90.1(4) N(1)-Re(1)-C1(2)#1 86.6(4) 
C1(1)-Re(1)-C1(2)#1 92.96(14) C1(1)#1-Re(1)-C1(2)#1 90.13(14) 
N( 1)# 1-Re( 1)-C1(2) 86.6(4) N( l)-Re( 1)-C1(2) 90.1(4) 
Cl( 1)-Re( 1)-Cl(2) 90.13(14) Cl( 1)# 1-Re( 1)-C1(2) 92.96(14) 
Cl(2)# 1-Re( 1)-C1(2) 175.5(2) C(2)-N( 1)-C(6) 118. 1(14) 
C(2)-N(1)-Re( 1) 121.0(11) C(6)-N( 1)-Re(1) 120.8(10) 
N( 1)-C(2)-C(3) 121.6(17) C(2)-C(3)-C(4) 120.9(17) 
C(5)-C(4)-C(3) 115.8(15) C(6)-C(5)-C(4) 121.0(17) 
N(1)-C(6)-C(5) 122.2(16) 
t Symmetry transformations used to generate equivalent atoms: #1 -x+ly-z+1/2. 
Table All-3d Anisotropic displacement parameters (A2 x 10) for cis ReC1(py)2t 
U11 U22 U33 U23 U13 U1 2 
Re(1) 36(1) 29(1) 32(1) 0 4(1) 0 
Cl(1) 48(2) 37(2) 51(2) -7(2) 10(2) 4(2) 
C1(2) 37(2) 38(2) 46(2) 4(1) -9(2) 1(2) 
N(1) 37(7) 38(7) 37(6) 9(5) 4(5) 2(6) 
 48(10) 40(9) 44(8) -2(7) 11(8) 2(8) 
 60(11) 43(9) 47(8) -2(7) 22(8) -9(9) 
 31(9) 51(11) 55(9) 1(7) -2(7) -15(7) 
C(S) 50(10) 29(9) 44(8) -4(6) -10(8) -2(7) 
C(6) 50(10) 42(9) 40(7) 2(7) 1(7) -1(8) 
The anisotropic displacement factor exponent takes the form: -2 7E   (h2 a*2  U11 + 
+2hk a*b* U 12 ). 
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Table All-3e Hydrogen coordinates (x iO) and isotropic displacement parameters 
(A2 x 1 03)  for cis-ReC1(py)2 
x y z U(eg) 
1190(23) 3297(12) 3247(11) 53 
-320(25) 2080(11) 3986(11) 59 
1306(24) 758(12) 4657(14) 55 
4390(26) 658(10) 4271(12) 50 
5824(24) 1921(11) 3585(11) 53 
Table All-4a Crystal data and structure refinement for mer-ReC13(py) 3.2CH3CN 
Empirical formula 	 C 19H21 C13N5Re 



















Goodness-of-fit on F 2 
Conventional R (F > 4c (F)) 
R indices (all data) 
Extinction coefficient 
Final maximum &c 
Largest duff peak and hole 	1.235 and -1.590 eA 3 
Table All-4b Atomic coordinates (x 104  ) and equivalent isotropic displacement 
parameters (A2 x 10) for mer ReC13(py)3 2CH3CNt 
x y 	 z U(eq) 
Re(1) 7500 8159(1) 5000 17(1) 
 7500 5958(1) 	5000 30(1) 





a = 11.902(2) A, b = 10.879(2) A, c = 17.601(3) 
A, p = 100.530(10)0 





0.31 x 0.19 xO.16 mm 
2.56 to 25.02° 
-14:!~ h:!~ 1-1:!~ k:!~ 12-20:!~ 1:!~20 
2992 
1974 [R,t = 0.0187] 
co-B 
Psi-scans (Tmin= 0.4 15, Tmax=0.754) 
1974/0/131 (Full-matrix least-squares on F2) 
1.027 
R1 = 0.0226, (1823 data) 
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Table All-4b continued 
N(11) 8566(3) 8127(3) 6112(2) 22(1) 
C(21) 9529(4) 8802(4) 6281(2) 29(1) 
C(31) 10269(4) 8711(5) 6975(3) 40(1) 
C(41) 10026(5) 7900(5) 7529(3) 44(1) 
C(51) 9034(4) 7227(5) 7371(3) 37(1) 
C(61) 8329(4) 7358(4) 6665(2) 27(1) 
N(12) 7500 10102(5) 5000 26(1) 
C(22) 7574(4) 10746(4) 4352(3) 33(1) 
C(32) 7577(5) 12010(4) 4334(4) 48(1) 
C(42) 7500 12649(7) 5000 63(3) 
C(1S) 5384(4) 268(6) 1071(3) 50(1) 
C(2S) 6311(4) 375(5) 1729(3) 41(1) 
N(3S) 7030(4) 440(5) 2242(3) 66(1) 
t U(eg) is defined as one third of the trace of the orthogonalized Ujj tensor. 
Table AU-4c Bond lengths (A) and angles (°) for mer-ReC1 3(py)3.2CH3CNt 
Re(1)-N(12) 2.114(5) Re(1)-N(1 1)#1 2.130(3) 
Re(1)-N(11) 2.130(3) Re(1)-CI(2)#1 2.3726(10) 
Re( 1)-C1(2) 2.3726(10) Re(1)-Cl( 1) 2.394(2) 
N(1 l)-C(21) 1.347(5) N(l 1)-C(6l) 1.35 1(5) 
C(21)-C(3 1) 1.374(6) C(3 1)-C(41) 1.384(8) 
C(41)-C(51) 1.373(8) C(5l)-C(61) 1.374(6) 
N(12)-C(22)91 1.355(5) N( 12)-C(22) 1.355(5) 
C(22)-C(32) 1.375(6) C(32)-C(42) 1.381(7) 
C(42)-C(32)#1 1.381(7) C( 1 S)-C(2S) 1.450(7) 
C(2S)-N(3S) 1.127(6) N(12)-Re(1)-N(1 1)#1 90.92(9) 
N( 12)-Re( 1)-N( 11) 90.92(9) N(1 1)#1-Re( l)-N( 11) 178.2(2) 
N(12)-Re(1)-CI(2)#1 88.75(3) N(1 1)#1-Re(1)-Cl(2)#1 90.80(9) 
N( 1 1)-Re( 1)-Cl(2)# 1 89.24(9) N( 12)-Re( 1)-Cl(2) 88.75(3) 
N(1 1)#1-Re(1)-Cl(2) 89.24(9) N(1 1)-Re(1)-CI(2) 90.80(9) 
C1(2)# 1-Re( 1)-C1(2) 177.50(6) N( 12)-Re( l)-Cl( 1) 180.0 
N(1 1)#1-Re(l)-C1(1) 89.08(9) N(11)-Re(1)-CI(l) 89.08(9) 
C1(2)#l-Re( l)-C1(l) 91.25(3) C1(2)-Re(1)-Cl( 1) 91.25(3) 
C(21)-N(1 1)-C(61) 117.4(4) C(21)-N(1 1)-Re(1) 122.2(3) 
C(61)-N(1 1)-Re(1) 120.3(3) N(11)-C(21)-C(31) 122.6(4) 
C(21)-C(3 1)-C(41) 119.3(5) C(5 l)-C(41)-C(3 1) 118.7(5) 
C(41)-C(5 1)-C(61) 119.2(5) N(1 1)-C(61)-C(5 1) 122.9(4) 
C(22)#I-N(12)-C(22) 117.7(5) C(22)#I-N(12)-Re(l) 121.2(3) 
C(22)-N(12)-Re(l) 121.2(3) N( 12)-C(22)-C(32) 122.5(5) 
C(22)-C(32)-C(42) 118.9(6) C(32)-C(42)-C(32)#1 119.5(7) 
N(3S)-C(2S)-C(1S) 179.0(6) 
Symmetry transformations used to generate equivalent atoms: #1 -x+3/2y- 
z+ 1. 
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Table All-4d Anisotropic displacement parameters (A' x 10) for mer-
ReC13(py)3.2CH3CNt 
U11 U22 U33 U23 U13 U12  
Re(1) 21(1) 11(1) 19(1) 0 4(1) 0 
Cl(l) 36(1) 11(1) 41(1) 0 4(1) 0 
C1(2) 26(1) 32(1) 30(1) 4(1) 10(1) 3(1) 
N(l1) 26(2) 19(2) 22(2) -3(2) 4(1) 4(2) 
C(21) 29(2) 25(2) 33(2) -7(2) 5(2) -4(2) 
C(31) 24(2) 52(3) 41(3) -14(3) -2(2) -3(2) 
C(41) 43(3) 58(3) 27(2) -7(2) -7(2) 18(3) 
C(51) 46(3) 38(3) 28(2) 4(2) 7(2) 13(2) 
C(61) 32(2) 2 1(2) 30(2) 3(2) 7(2) 4(2) 
N(12) 29(3) 17(3) 30(2) 0 7(2) 0 
C(22) 32(2) 26(3) 41(3) 9(2) 6(2) -4(2) 
C(32) 46(3) 21(3) 76(4) 19(3) 10(3) 1(2) 
C(42) 49(5) 9(3) 129(9) 0 14(5) 0 
C(1S) 46(3) 55(4) 46(3) -4(3) 4(2) 14(3) 
C(2S) 38(3) 32(3) 52(3) -2(3) 6(2) 5(2) 
N(3S) 48(3) 68(4) 72(3) -9(3) -10(3) -1(3) 
j The anisotropic displacement factor exponent takes the form: -2 71   (h2 a*2  U 11  + 
+2hk a*b* U1 
Table All-4e Hydrogen coordinates (x 10) and isotropic displacement parameters 
(A2 x 10) for mer-ReC13(Py)3.2CH3CN 
x y z U(eg) 
H(21) 9701(4) 9356(4) 5908(2) 35 
H(31) 10935(4) 9194(5) 7073(3) 48 
H(41) 10530(5) 7811(5) 8004(3) 53 
H(51) 8840(4) 6684(5) 7742(3) 44 
H(61) 7653(4) 6893(4) 6562(2) 33 
H(22) 7626(4) 103 13(4) 3898(3) 40 
H(32) 763 1(5) 1243 1(4) 3876(4) 57 
H(42) 7500 135 13(7) 5000 75 
H(1S1) 5495(19) -463(21) 778(14) 74 
H(1 S2) 5375(22) 987(19) 744(13) 74 
H(1 S3) 4663(5) 208(39) 1252(3) 74 
Table A11-5a Crystal data and structure refinement for frans-[1LeC1 2(py)4][BF4] 
Empirical formula 	 C2 H20BC12F4N4Re 
Formula weight 660.31 
Temperature 	 293(2)K 
Wavelength 0.71073 A 
Crystal system 	 Orthorhombic 
Space group Pnnm 
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Table All-5a continued 




F(0 0 0) 







Goodness-of-fit on FA2 
a = 16.260(3), A, b = 16.271(3) A, c = 
8.627(2) A 
2282.4(8) A3 , 4 
1.922 Mg/m3 
5.606 mm 1 
1272 
2.50 to 25.01 0 
-8:!~ h:!~ 19,-19:!~ k:!~ 0, -10:5l:~ 0 
3337 
2075 	= 0.0288) 
None 
Full-matrix least-squares on F 2 
2075/121/142 
0.817 
Final R indices (I> 2c (I)) 	 R1 = 0.0430 
R indices (all data) 	 wR2 = 0.1597 
Absolute structure parameter 	 0.10(8) 
Extinction coefficient 	 0.0022(3) 
Largest duff peak and hole 	 1.809 and -0.919 eA 3 
Table All-5b Atomic coordinates (x 10k) and equivalent isotropic displacement 
parameters (A2 x 10) for trans-[ReC12(Py)41[BF4] t 
x y z U(eq) 
Re(1) 2497(1) 2858(1) 5038(11) 24(1) 
C1(1) 2358(6) 2863(8) 7740(13) 30(3) 
C1(2) 2702(8) 2819(10) 2317(14) 37(3) 
N(1) 2516(21) 4165(8) 5086(55) 26(4) 
 1957(19) 4571(16) 5943(38) 30(10) 
 1924(22) 5425(17) 5959(46) 48(12) 
 2512(23) 5874(10) 5163(47) 35(6) 
 3098(17) 5457(14) 4310(37) 24(8) 
 3087(17) 4602(14) 4303(36) 20(7) 
N(2) 2464(19) 1543(8) 4924(40) 24(4) 
 1963(18) 1128(13) 3980(36) 23(7) 
 1877(20) 278(14) 403 1(38) 38(9) 
 2392(19) -170(12) 4990(48) 44(6) 
 2937(19) 256(15) 5933(39) 38(9) 
 2978(23) 1108(15) 5827(48) 50(12) 
N(3) 3812(12) 2888(16) 5249(40) 26(8) 
 4306(15) 2388(21) 4455(47) 32(13) 
 5158(14) 2433(12) 4560(31) 19(7) 
 5518(14) 3013(18) 5514(34) 40(10) 
 5003(15) 3488(16) 6411(33) 32(8) 
 4157(14) 3427(17) 6238(34) 23(8) 
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Table All-5b continued 
N(4) 1196(14) 2847(18) 4639(38) 31(9) 
 871(17) 3369(21) 3603(39) 38(11) 
 22(18) 3428(20) 3377(40) 49(11) 
 -480(17) 2882(23) 4189(45) 52(12) 
 -143(20) 2345(26) 5276(57) 80(19) 
 702(18) 2382(24) 5539(46) 37(14) 
 0 0 4489(35) 62(7) 
B(1) 0 0 6153(47) 27(9) 
 688(25) 416(25) 6606(44) 0(8) 
 -720(23) 540(23) 6390(44) 2(8) 
 -346(30) -672(29) 6665(49) 8(5) 
t U(eg) is defined as one third of the trace of the orthogonalized U11 tensor. 
Table All-5c Bond lengths (A) and angles (°) for trans [ReC12(py)4][BF4]t 
Re(1)-N(1) 2.128(13) Re(1)-N(2) 2.142(13) 
Re(1)-N(4) 2.14(2) Re(1)-N(3) 2.15(2) 
Re(1)-C1(1) 2.34(2) Re(1)-C1(2) 2.37(2) 
N(1)-C(12) 1.34(3) N(1)-C(16) 1.35(3) 
C(12)-C(13) 1.39(2) C(13)-C(14) 1.38(2) 
C(14)-C(15) 1.38(2) C(15)-C(16) 1.39(2) 
N(2)-C(22) 1.34(3) N(2)-C(26) 1.34(3) 
C(22)-C(23) 1.39(2) C(23)-C(24) 1.38(2) 
C(24)-C(25) 1.39(2) C(25)-C(26) 1.39(2) 
N(3)-C(32) 1.33(3) N(3)-C(36) 1.35(3) 
C(32)-C(33) 1.39(2) C(33)-C(34) 1.38(2) 
C(34)-C(35) 1.38(2) C(35)-C(36) 1.39(2) 
N(4)-C(42) 1.34(3) N(4)-C(46) 1.35(3) 
C(42)-C(43) 1.40(2) C(43)-C(44) 1.40(2) 
C(44)-C(45) 1.39(2) C(45)-C(46) 1.40(2) 
F(11)-B(1) 1.44(5) B(1)-F(14)#1 1.31(4) 
B(1)-F(14) 1.31(4) B(1)-F(12) 1.37(4) 
B(1)-F(12)#1 1.37(4) B(1)-F(13)#1 1.48(4) 
B(1)-F(13) 1.48(4) F(12)-F(14)#1 0.70(4) 
F(12)-F(13)#1 1.57(5) F(13)-F(12)#1 1.57(5) 
F(13)-F(14)#1 1.76(6) F(14)-F(12)#1 0.70(4) 
F(14)-F(13)#1 1.76(6) N(1)-Re(1)-N(2) 178(2) 
N( 1)-Re( 1)-N(4) 91.5(13) N(2)-Re(1)-N(4) 87.7(11) 
N( 1)-Re( 1)-N(3) 87.8(12) N(2)-Re( 1)-N(3) 92.9(10) 
N(4)-Re(1)-N(3) 176(2) N(1)-Re(l)-C1(1) 88.8(13) 
N(2)-Re(1)-0(1) 92.7(10) N(4)-Re(1)-C1(l) 93.7(10) 
N(3)-Re(1)-C1(1) 90.7(11) N(1)-Re(1)-C1(2) 92.5(13) 
N(2)-Re( 1)-C1(2) 86.1(10) N(4)-Re( l)-C1(2) 88.8(10) 
N(3)-Re( 1)-C1(2) 86.8(10) C1( 1)-Re( 1)-C1(2) 177.1(6) 
C(12)-N(1)-C(16) 118.8(13) C(12)-N(1)-Re(1) 120(2) 
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Table All-5c continued 
C(16)-N(1)-Re(1) 122(2) N(l)-C(12)-C(13) 122(2) 
C(14)-C(13)-C(12) 120(2) C(15)-C(14)-C(13) 119(2) 
C(14)-C(15)-C(16) 119(2) N(1)-C(16)-C(15) 122(2) 
C(22)-N(2)-C(26) 117.8(14) C(22)-N(2)-Re(l) 123(2) 
C(26)-N(2)-Re(1) 119(2) N(2)-C(22)-C(23) 123(2) 
C(24}-C(23)-C(22) 119(2) C(23)-C(24)-C(25) 118(2) 
C(24)-C(25)-C(26) 119(2) N(2)-C(26)-C(25) 122(2) 
C(32)-N(3)-C(36) 118(2) C(32)-N(3)-Re(l) 123(2) 
C(36)-N(3)-Re(l) 119(2) N(3)-C(32)-C(33) 122(2) 
C(34)-C(33)-C(32) 120(2) Q35)-Q34)-Q33) 118(2) 
Q34)-Q35)-Q36) 120(2) N(3)-C(36)-C(35) 122(2) 
C(42)-N(4)-C(46) 120(2) C(42)-N(4)-Re(1) 119(2) 
C(46)-N(4)-Re(l) 120(2) N(4)-C(42)-C(43) 122(2) 
C(44)-C(43)-C(42) 118(2) C(45)-C(44)-C(43) 121(2) 
C(44)-C(45)-C(46) 118(2) N(4)-C(46)-C(45) 121(2) 
F(14)#1-B(l)-F(14) 140(5) F(14)#1-B(1)-F(12) 30(2) 
F(14)-B( 1)-F( 12) 132(3) F(14)#1-B(1)-F( 12)#1 132(3) 
F(14)-B(1)-F(12)#1 30(2) F(12)-B(1)-F(12)#1 147(5) 
F(14)#1-B(l)-F(1 1) 110(2) F(14)-B(1)-F(1 1) 110(2) 
F(12)-B(1)-F(11) 107(2) F(12)#1-B(1)-F(11) 107(2) 
F( 14)#1-B(1)-F(13)#1 96(3) F(14)-B( 1)-F( 13)#1 78(3) 
F(12)-B(1)-F(13)#1 67(2) F(12)#1-B(1)-F(13)#1 108(3) 
F(1 1)-B(1)-F(13)#1 98(2) F(14)#1-B(1)-F(13) 78(3) 
F(14)-B(1)-F(13) 96(3) F(12)-B(1)-F(13) 108(3) 
F(12)#1-B(1)-F(13) 67(2) F(11)-B(1)-F(13) 98(2) 
F(13)#1-B(1)-F(13) 164(4) F(14)#1-F(12)-B(1) 70(5) 
F(14)#I-F(12)-F(13)#1 129(6) B( 1)-F( 12)-F(13)#1 60(2) 
B(1)-F(13)-F(12)#1 53(2) B(1)-F(13)-F(14)#1 47(2) 
F(12)#I-F(13)-F(14)#1 94(3) 	F(12)#1-F(14)-B(1) 	80(5) 
F(12)#I-F(14)-F(13)#1 	135(6) B( 1)-F(14)-F(13)#1 55(2) 
t Symmetry transformations used to generate equivalent atoms: 91 -x, -y, z. 
Table All-5d Anisotropic displacement 	parameters (A2 x 10) for 	trans- 
[ReC12(py)4] [BF4]t 
U11 U22 	U33 	U23 U13 U12  
Re(1) 	24(1) 23(1) 25(1) -1(1) 0(1) 0(1) 
37(6) 27(6) 	25(6) 	2(5) 5(5) 7(5) 
40(5) 44(8) 27(7) 2(6) -8(6) 3(6) 
t The anisotropic displacement factor exponent takes the form: -2 7c 2(h2 a*2  U1
1 
 + 
+ 2 h k a* b* U 
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Table All-5e Hydrogen coordinates (x 10) and isotropic displacement parameters 
(A2 x iO) for trans- [ReC12(J)y)4] [BF4] 
X y z U(eq) x y z U(eq) 
H(12) 1585 4274 6539 35 H(13) 1510 5693 6502 58 
H(14) 2512 6445 5201 43 H(15) 3493 5743 3749 29 
H(16) 3487 4322 3741 25 H(22) 1657 1421 3255 27 
H(23) 1481 16 3432 45 H(24) 2374 -741 5001 53 
H(25) 3271 -25 6630 46 H(26) 3375 1386 6399 60 
H(32) 4072 1995 3808 38 H(33) 5485 2075 3989 23 
H(34) 6085 3079 5549 48 H(35) 5223 3851 7133 39 
H(36) 3819 3769 6822 27 H(42) 1219 3700 3020 46 
H(43) -201 3817 2709 59 H(44) -1043 2876 4004 62 
H(45) -473 1973 5810 96 H(46) 930 2082 6349 44 
Table All-6a Crystal data and structure refinement for [ReC1(py) 5][PF6]2 
Empirical formula 	 C25H25 C1F 12N5P2Re 









F(0 0 0) 
Crystal size 












a = 8.7434(5) A, b = 18.6306(10) A, c = 
19.2824(12) A, J3 = 97.979(4)0 , 
3110.6(3) A3, 4 
1.937 Mg/m3 
4.194 mrn 1 
1760 
0.39 x 0.19 xO.18 mm 
2.59 to 25.04° 
-10:!~ h:!~ 10,0:!~ k:~ 22,0:5l:!~ 22 
6814 
5491 (Rj 0 = 0.0573) 
None 
Full-matrix least-squares on F 2 
5491/0/416 
0.990 
Final R indices [I> 2 y (I)] 	R1 = 0.0406 
R indices (all data) 	 wR2 = 0.0805 
Extinction coefficient 0.00013(7) 
Largest cliff peak and hole 	0.859 and -0.639 eA 3 
Table All-6b Atomic coordinates (x 104  ) and equivalent isotropic 
displacement parameters (A2 x 10) for [ReC1(py) 5][PF6] 2t 
x 	 y 	 z 	U(eq) 
Re(1) 	5039(1) 7277(1) 3816(1) 26(1) 
Cl(1) 6789(2) 	6972(1) 	4808(1) 	40(1) 
255 
APPENDIX II CRYSTALLOGRAPHIC DETAILS 
Table All-6b continued 
N(1) 6186(6) 8294(3) 3769(3) 30(1) 
 7739(8) 8326(4) 3885(4) 36(2) 
 8548(9) 8957(5) 3849(4) 46(2) 
 7791(9) 9578(5) 3664(4) 50(2) 
 6205(9) 9564(4) 3534(4) 49(2) 
 5455(9) 8920(4) 3594(4) 43(2) 
N(2) 6653(6) 6862(3) 3187(3) 32(1) 
 7386(9) 6236(4) 3345(4) 46(2) 
 8567(11) 5997(5) 2997(5) 67(3) 
 8995(10) 6404(5) 2460(5) 63(3) 
 8229(9) 7032(5) 2274(4) 53(2) 
 7086(8) 7244(4) 2638(3) 38(2) 
N(3) 3370(6) 7582(3) 2918(3) 29(1) 
 2267(8) 8081(4) 2980(4) 37(2) 
 1258(8) 8333(5) 2414(4) 46(2) 
 1402(9) 8072(5) 175 1(4) 46(2) 
 2500(9) 7568(4) 1679(4) 44(2) 
 3448(8) 7335(4) 2263(4) 39(2) 
N(4) 4012(6) 6238(3) 3858(3) 31(1) 
 3620(9) 5830(4) 3277(4) 40(2) 
 2995(9) 5166(4) 3289(4) 48(2) 
 2744(8) 4870(5) 3926(5) 49(2) 
 3 138(9) 5274(4) 4525(4) 46(2) 
 3752(8) 5937(4) 4467(4) 39(2) 
N(5) 3550(6) 7705(3) 4514(3) 32(1) 
 4086(8) 8236(4) 4957(4) 39(2) 
 3172(10) 8558(5) 5394(4) 59(3) 
 1683(9) 8311(5) 5414(4) 52(2) 
 1161(8) 7757(5) 4981(4) 46(2) 
 2115(8) 7461(4) 4532(4) 35(2) 
P(1) 8287(3) 3902(1) 3702(1) 46(1) 
 9199(6) 3169(3) 3631(2) 72(2) 
 7325(6) 3769(3) 2949(2) 67(2) 
 7009(6) 3463(3) 4048(3) 72(2) 
 923 1(7) 4009(3) 4457(3) 94(2) 
 9541(6) 4307(3) 3339(3) 94(2) 
 7355(7) 4615(3) 3770(3) 94(2) 
P(2) 7124(2) 4508(1) -1059(1) 25(1) 
 5657(5) 4215(3) -1548(2) 60(1) 
 8231(5) 4184(3) -1557(3) 67(2) 
 6023(5) 4827(3) -540(2) 65(2) 
 7025(6) 5243(3) -1461(3) 76(2) 
 7214(6) 3775(3) -620(3) 79(2) 
 8583(6) 4790(3) -555(3) 86(2) 
t U(eq) is defined as one third of the trace of the orthogonalized Ujj  
tensor.  
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Table All-6c Bond lengths (A) and angles (°) for [ReC1(py)5]{PF6]2 
Re(1)-N(2) 2.129(5) Re(1)-N(4) 2.141(6) 
Re(1)-N(1) 2.151(6) Re(1)-N(5) 2.152(5) 
Re(1)-N(3) 2.179(5) Re(1)-Cl(1) 2.347(2) 
N(1)-C(12) 1.346(8) N(1)-C(16) 1.350(9) 
C(12)-C(13) 1.379(10) C(13)-C(14) 1.356(11) 
C(14)-C(15) 1.375(11) C(15)-C(16) 1.380(10) 
N(2)-C(22) 1.345(9) N(2)-C(26) 1.372(8) 
C(22)-C(23) 1.381(10) C(23)-C(24) 1.377(11) 
C(24)-C(25) 1.372(11) C(25)-C(26) 1.358(9) 
N(3)-C(36) 1.355(8) N(3)-C(32) 1.357(9) 
C(32)-C(33) 1.387(10) C(33)-C(34) 1.390(10) 
C(34)-C(35) 1.364(11) C(35)-C(36) 1.372(10) 
N(4)-C(46) 1.349(8) N(4)-C(42) 1.360(9) 
C(42)-C(43) 1.354(10) C(43)-C(44) 1.391(11) 
C(44)-C(45) 1.381(11) C(45)-C(46) 1.357(10) 
N(5)-C(56) 1.340(8) N(5)-C(52) 1.347(9) 
C(52)-C(53) 1.378(10) C(53)-C(54) 1.387(11) 
C(54)-C(55) 1.366(11) C(55)-C(56) 1.398(9) 
P(1)-F(6) 1.572(6) P(1)-F(5) 1.573(5) 
P(1)-F(4) 1.584(6) P(1)-F(2) 1.593(5) 
P(1)-F(1) 1.597(5) P(1)-F(3) 1.603(5) 
P(2)-F(10) 1.570(5) P(2)-F(8) 1.576(4) 
P(2)-F(7) 1.580(5) P(2)-F(12) 1.582(6) 
P(2)-F(9) 1.596(4) P(2)-F(11) 1.602(6) 
N(2)-Re( 1)-N(4) 90.4(2) N(2)-Re( 1 )-N( 1) 86.9(2) 
N(4)-Re( 1 )-N( 1) 177.0(2) N(2)-Re( 1)-N(S) 175.7(2) 
N(4)-Re(1)-N(5) 91.0(2) N(1)-Re(1)-N(5) 91.5(2) 
N(2)-Re( 1 )-N(3) 93.8(2) N(4)-Re( 1 )-N(3) 91.6(2) 
N( 1)-Re( 1)-N(3) 90.1(2) N(5)-Re( 1 )-N(3) 90.2(2) 
N(2)-Re( 1)-C1( 1) 88.1(2) N(4)-Re( 1)-Cl( 1) 88.8(2) 
N(1)-Re(1)-Cl(1) 89.6(2) N(5)-Re(1)-CI(1) 87.9(2) 
N(3)-Re(1)-CI(1) 178.1(2) C(12)-N(1)-C(16) 115.8(6) 
C(12)-N(1)-Re(l) 119.8(5) C(16)-N(1)-Re(1) 124.3(5) 
N(1)-C( 12)-C( 13) 122.8(7) C(14)-C(13)-C( 12) 120.4(7) 
C(13)-C(14)-C(15) 118.3(8) C(14)-C(15)-C(16) 118.7(8) 
N( 1)-C( 16)-C( 15) 123.9(7) C(22)-N(2)-C(26) 116.8(6) 
C(22)-N(2)-Re(l) 121.3(5) C(26)-N(2)-Re(l) 121.8(5) 
N(2)-C(22)-C(23) 122.3(8) C(24)-C(23)-C(22) 119.2(8) 
C(25)-C(24)-C(23) 119.5(7) C(26)-C(25)-C(24) 118.7(8) 
C(25)-C(26)-N(2) 123.4(7) C(36)-N(3)-C(32) 116.3(6) 
C(36)-N(3)-Re(1) 122.5(5) C(32)-N(3)-Re(1) 120.9(5) 
N(3)-C(32)-C(33) 123.0(7) C(32)-C(33)-C(34) 118.5(7) 
C(35)-C(34)-C(33) 119.3(7) C(34)-C(35)-C(36) 119.2(7) 
N(3)-C(36)-Q3 5) 123.7(7) C(46)-N(4)-C(42) 115.6(6) 
C(46)-N(4)-Re(l) 122.2(5) C(42)-N(4)-Re(l) 122.2(5) 
C(43)-C(42)-N(4) 123.6(7) C(42)-C(43)-C(44) 119.4(7) 
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Table All-6c continued 
C(45)-C(44)-C(43) 118.1(8) C(46)-C(45)-C(44) 118.9(7) 
N(4)-C(46)-C(45) 124.5(7) C(56)-N(5)-C(52) 118.5(6) 
C(56)-N(5)-Re(l) 122.7(5) C(52)-N(5)-Re(l) 118.8(4) 
N(5)-C(52)-C(53) 121.9(7) C(52)-C(53)-C(54) 119.9(8) 
C(55)-C(54)-C(53) 118.0(7) C(54)-C(55)-C(56) 120.0(7) 
N(5)-C(56)-C(5 5) 121.6(7) F(6)-P( 1)-F(S) 92.0(3) 
F(6)-P( 1)-F(4) 91.6(3) F(5)-P( 1)-F(4) 92.4(3) 
F(6)-P( 1)-F(2) 89.6(3) F(5)-P( 1)-F(2) 89.0(3) 
F(4)-P( 1)-F(2) 178.1(4) F(6)-P( 1 )-F( 1) 178.7(4) 
F(5)-P(1)-F(1) 89.1(3) F(4)-P(1)-F(1) 89.0(3) 
F(2)-P(1)-F(1) 89.7(3) F(6)-P(1)-F(3) 89.8(3) 
F(5)-P(1)-F(3) 177.6(3) F(4)-P(1)-F(3) 89.2(3) 
F(2)-P(1)-F(3) 89.4(3) F(1)-P(1)-F(3) 89.1(3) 
F(10)-P(2)-F(8) 91.7(3) F(10)-P(2)-F(7) 91.3(3) 
F(8)-P(2)-F(7) 91.2(3) F(10)-P(2)-F(12) 89.9(3) 
F(8)-P(2)-F(12) 89.4(3) F(7)-P(2)-F( 12) 178.6(3) 
F(10)-P(2)-F(9) 89.4(3) F(8)-P(2)-F(9) 178.7(3) 
F(7)-P(2)-F(9) 89.6(3) F( 12)-P(2)-F(9) 89.8(3) 
F(10)-P(2)-F(1 1) 	177.7(3) 	F(8)-P(2)-F(1 1) 	90.3(3) 
F(7)-P(2)-F(1 1) 89.8(3) F(12)-P(2)-F(1 1) 89.0(3) 
F(9)-P(2)-F(1 1) 	88.6(3) 
Table All-ód Anisotropic displacement parameters (A2 
U11 	U22 	 U33 
x 1 O) for [ReC1(py) 5] [PF6]2t 
U23 	U 13 	U12  
Re(1) 27(1) 26(1) 26(1) -1(1) 4(1) 1(1) 
CI(l) 38(1) 45(1) 36(1) 4(1) -3(1) 2(1) 
N(1) 27(3) 30(4) 32(3) -4(3) 5(3) -3(3) 
 32(4) 33(5) 40(4) 2(4) 0(3) 0(4) 
 3 1(4) 50(6) 56(5) -5(4) 0(4) -7(4) 
 47(5) 37(5) 68(6) -3(5) 16(4) -10(4) 
 53(5) 30(5) 65(6) 4(4) 9(4) 0(4) 
 37(4) 37(5) 57(5) -7(4) 13(4) 0(4) 
N(2) 37(3) 24(3) 36(3) -3(3) 9(3) 7(3) 
 54(5) 38(5) 51(5) 2(4) 20(4) 11(4) 
 77(6) 44(6) 89(7) 12(5) 42(6) 23(5) 
 64(6) 61(7) 74(7) -5(5) 44(5) 11(5) 
 54(5) 62(7) 52(5) 2(4) 33(4) 10(5) 
 46(4) 36(4) 33(4) 6(4) 12(3) 2(4) 
N(3) 24(3) 31(4) 32(3) 1(3) -1(2) 3(3) 
 31(4) 42(5) 38(4) -1(4) 2(3) -5(4) 
 30(4) 52(6) 53(5) 11(4) -1(4) 11(4) 
 42(5) 54(5) 36(5) 12(4) -11(4) -15(4) 
 5 1(5) 49(6) 29(4) 2(4) 1(3) -6(4) 
 42(4) 36(5) 39(4) 1(4) 5(3) 1(4) 
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Table All-6d continued 
N(4) 30(3) 29(3) 34(3) -1(3) 7(3) 2(3) 
 55(5) 32(5) 33(4) -5(4) 5(4) -9(4) 
 66(6) 36(5) 40(5) -4(4) -5(4) -17(4) 
 35(4) 36(5) 73(6) 9(5) 4(4) -9(4) 
 59(5) 41(5) 42(5) 2(4) 19(4) -8(4) 
 43(4) 39(5) 35(4) 4(4) 6(4) 5(4) 
N(S) 30(3) 33(3) 3 1(3) -3(3) 6(2) 5(3) 
 42(4) 35(5) 41(4) -12(4) 7(4) -2(4) 
 68(6) 61(6) 49(5) -24(5) 17(5) 3(5) 
 52(5) 67(7) 42(5) -2(5) 23(4) 18(5) 
 36(4) 55(5) 50(5) 8(5) 12(4) 14(5) 
 31(4) 40(5) 35(4) 9(3) 3(3) 4(3) 
P(1) 47(1) 47(1) 46(1) -6(1) 9(1) -5(1) 
 79(4) 74(4) 65(3) -2(3) 18(3) 27(3) 
 70(3) 77(4) 52(3) 5(3) -1(3) -1(3) 
 66(3) 85(4) 71(3) 17(3) 22(3) -8(3) 
 93(4) 110(5) 72(4) -28(4) -17(3) 0(4) 
F(S) 73(4) 96(5) 114(5) 24(4) 23(4) -24(4) 
F(6) 126(5) 62(4) 96(5) 3(3) 26(4) 26(4) 
P(2) 22(1) 25(1) 30(1) 1(1) 8(1) 5(1) 
 49(3) 71(4) 61(3) -10(3) 7(2) -5(3) 
 54(3) 83(4) 71(3) -20(3) 31(3) 2(3) 
 67(3) 78(4) 55(3) -6(3) 22(3) 23(3) 
 90(4) 58(4) 80(4) 13(3) 18(3) -3(3) 
 87(4) 72(4) 83(4) 20(3) 30(3) 22(3) 
 67(4) 103(5) 86(4) -23(4) 4(3) -4(3) 
The anisotropic displacement factor exponent takes the form: -2 7c 2(h2 a*2  U 11  + 
+ 2 h k a* b* U12). 
Table A111-6e Hydrogen coordinates (x 10) and isotropic displacement parameters 
(A2 x 10) for [1FLeC1(py) 5][PF6]2 
X y z U(eq) x y z U(eq) 
H(12) 8295 7900 3995 43 H(13) 9631 8957 395356 
H(14) 8337 10008 3627 60 H(15) 5642 9985 3406 59 
H(16) 4370 8916 3507 52 H(22) 7084 5951 3705 56 
H(23) 9072 5561 3126 80 H(24) 9808 6252 2223 76 
H(25) 8490 7311 1901 64 H(26) 6564 7675 2508 45 
H(32) 2184 8264 3427 45 H(33) 4948 6722 477 55 
H(34) 7508 2421 356 55 H(35) 2606 7382 1235 52 
H(36) 4193 6985 2205 47 H(42) 3792 6019 2842 48 
H(43) 2733 4907 2871 58 H(44) 2318 4409 3949 58 
H(45) 2983 5093 4965 56 H(46) 4014 6204 4880 47 
H(52) 5112 8390 4968 47 H(53) 3557 8946 5679 70 
H(54) 1052 8519 5717 63 H(55) 160 7574 4986 56 
H(56) 1741 7081 4234 42 
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Table All-7a Crystal data and structure refinement for [Re(py) 6][]BF4]3 
Empirical formula 	 C30H30B3F 12N6Re 









F(0 0 0) 







Goodness-of-fit on F2 





a = 17.059(3) A, b = 10.447(2) A, c = 18.135(4) A 




55 to 25.03° 
0:5h:520, 0:!~ k:5 12, -21 :!~ l:50 
2783 
2774 (R t = 0.0260) 
None 




R indices (all data) 	 wR2 = 0.1826 
Absolute structure parameter 	0.16(4) 
Largest duff peak and hole 4.248 and -3.567 eA 3 
Table All-7b Atomic coordinates (x 10) and equivalent isotropic displacement 
parameters (A2 x 1 O) for [Re(jy)6] [BF4] 3' 
x y z U(eq) 
Re(1) 1124(1) 2209(1) 2520(3) 30(1) 
N(1) 1834(10) 2090(14) 1513(9) 26(5) 
 1902(19) 1032(21) 1083(13) 48(11) 
 2340(15) 914(22) 456(13) 42(7) 
 2812(18) 1924(25) 241(15) 65(10) 
 2756(16) 3028(25) 657(15) 58(9) 
 2290(15) 3062(17) 1268(15) 60(11) 
N(2) 421(11) 2310(15) 3446(11) 34(5) 
 265(15) 1260(19) 3856(13) 33(7) 
 -240(16) 1242(20) 4440(13) 50(8) 
 -594(18) 2353(21) 4686(14) 57(8) 
 -431(16) 3452(21) 4289(13) 50(8) 
 43(15) 3364(20) 3687(12) 47(8) 
N(3) 334(9) 3568(14) 1997(12) 34(6) 
 577(11) 4617(22) 1632(14) 38(7) 
 77(13) 5472(26) 1313(19) 64(10) 
 -723(13) 5248(30) 1330(21) 75(12) 
260 
APPENDIX H CRYSTALLOGRAPHIC DETAILS 
Table All-7b continued 
 -989(12) 4254(24) 1769(16) 56(9) 
 -451(10) 3410(22) 2039(15) 41(6) 
N(4) 1892(10) 3681(16) 2868(12) 35(5) 
 2672(11) 3464(21) 2892(15) 42(7) 
 3214(12) 4319(20) 3141(23) 82(15) 
 2956(13) 5515(22) 3374(19) 57(10) 
 2159(15) 5732(23) 3393(23) 74(12) 
 1661(13) 4830(20) 3117(18) 53(8) 
N(5) 1871(11) 888(13) 3072(9) 24(5) 
 2094(19) 1123(26) 3776(12) 42(9) 
 2588(14) 367(20) 4174(11) 34(6) 
 2940(17) -655(21) 3829(12) 59(10) 
 2704(15) -960(19) 3119(11) 43(7) 
 2183(13) -177(17) 2767(11) 36(7) 
N(6) 397(13) 761(19) 2005(11) 48(7) 
 56(16) 958(21) 1345(14) 54(12) 
 -438(15) 116(23) 1002(15) 86(16) 
 -617(19) -1010(26) 1366(16) 67(11) 
 -260(18) -1266(21) 2032(16) 79(13) 
 244(17) -382(21) 2322(11) 54(9) 
B(1) 122(11) 7383(18) 4162(14) 30(7) 
 140(35) 6859(48) 4821(21) 353(45) 
 -493(13) 8055(25) 4044(30) 215(25) 
 154(20) 6490(30) 3688(25) 237(30) 
 731(13) 8190(19) 4127(18) 125(11) 
B(2) 2327(18) 7350(20) 1089(11) 61(11) 
 2171(19) 6111(15) 1029(21) 187(20) 
 2795(14) 7592(35) 1625(14) 169(17) 
 2675(20) 764 1(22) 479(15) 144(14) 
 1653(13) 7947(21) 1213(16) 117(10) 
t U(eg) is defined as one third of the trace of the orthogonalized U11 tensor. 
Table All-7c Bond lengths (A) and angles (°) for [Re(py)6][BF4]3 
Re(1)-N(2) 2.07(2) Re(1)-N(4) 2.12(2) 
Re(1)-N(5) 2.128(15) Re(1)-N(6) 2.17(2) 
Re(1)-N(3) 2.18(2) Re(1)-N(1) 2.19(2) 
N(1)-C(16) 1.353(15) N(1)-C(12) 1.36(2) 
C(12)-C(13) 1.37(2) C(13)-C(14) 1.38(2) 
C(14)-C(15) 1.38(2) C(15)-C(16) 1.36(2) 
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Table A11-7c continued 
C(34)-C(35) 1.38(2) C(35)-C(36) 1.36(2) 
N(4)-C(46) 1.342(15) N(4)-C(42) 1.35 1(15) 
C(42)-C(43) 1.36(2) C(43)-C(44) 1.39(2) 
C(44)-C(45) 1.38(2) C(45)-C(46) 1.36(2) 
N(5)-C(56) 1.351(14) N(5)-C(52) 1.354(15) 
C(52)-C(53) 1.36(2) C(53)-C(54) 1.37(2) 
C(54)-C(55) 1.39(2) C(55)-C(56) 1.37(2) 
N(6)-C(62) 1.35(2) N(6)-C(66) 1.350(15) 
C(62)-C(63) 1.37(2) C(63)-C(64) 1.38(2) 
C(64)-C(65) 1.38(2) C(65)-C(66) 1.37(2) 
B(1)-F(13) 1.27(2) B(1)-F(12) 1.28(2) 
B(1)-F(11) 1.32(2) B(1)-F(14) 1.34(2) 
B(2)-F(22) 1.28(2) B(2)-F(23) 1.29(2) 
B(2)-F(2 1) 1.33(2) B(2)-F(24) 1.33(2) 
N(2)-Re( 1)-N(4) 94.6(7) N(2)-Re( 1)-N(S) 89.9(7) 
N(4)-Re(1)-N(5) 87.7(7) N(2)-Re(1)-N(6) 93.1(8) 
N(4)-Re(1)-N(6) 171.8(8) N(5)-Re(1)-N(6) 95.3(7) 
N(2)-Re( 1 )-N(3) 87.8(8) N(4)-Re( 1 )-N(3) 92.2(6) 
N(S)-Re( 1)-N(3) 177.7(7) N(6)-Re( 1)-N(3) 85.0(7) 
N(2)-Re(1)-N(1) 178.0(8) N(4)-Re(1)-N(1) 87.0(6) 
N(5)-Re(1)-N(1) 91.4(7) N(6)-Re(1)-N(1) 85.3(7) 
N(3)-Re(1)-N(1) 90.9(7) C(16)-N(1)-C(12) 112(2) 
C(16)-N(1)-Re(1) 123.2(13) C(12)-N(1)-Re(1) 124.8(12) 
N(1)-C(12)-C(13) 127(2) C(12)-C(13)-C(14) 119(2) 
C(15)-C(14)-C(13) 116(2) C(16)-C(15)-C(14) 120(2) 
N( 1)-C( 16)-C( 15) 126(2) C(26)-N(2)-C(22) 113(2) 
C(26)-N(2)-Re(1) 125.6(13) C(22)-N(2)-Re(1) 121.3(13) 
N(2)-C(22)-C(23) 124(2) C(22)-C(23)-C(24) 121(2) 
C(23)-C(24)-C(25) 116(2) C(26)-C(25)-C(24) 119(2) 
N(2)-C(26)-C(25) 127(2) C(32)-N(3)-C(36) 116(2) 
C(32)-N(3)-Re( 1) 123.7(12) C(36)-N(3)-Re(l) 120.6(12) 
N(3)-C(32)-C(33) 123(2) C(32)-C(33)-C(34) 120(2) 
C(3 S)-C(34)-C(33) 118(2) C(36)-C(35)-C(34) 118(2) 
N(3)-C(36)-C(35) 125(2) C(46)-N(4)-C(42) 115(2) 
C(46)-N(4)-Re(1) 124.6(13) C(42)-N(4)-Re(1) 119.8(13) 
N(4)-C(42)-C(43) 125(2) C(42)-C(43)-C(44) 118(2) 
C(45)-C(44)-C(43) 118(2) C(46)-C(45)-C(44) 120(2) 
N(4)-C(46)-C(45) 124(2) C(56)-N(5)-C(52) 115(2) 
C(56)-N(5)-Re( 1) 125.3(12) C(52)-N(5)-Re(l) 119.6(11) 
N(5)-C(52)-C(53) 125(2) C(52)-C(53)-C(54) 119(2) 
C(53)-C(54)-C(5 5) 118(2) C(56)-C(55)-C(54) 119(2) 
N(5)-C(56)-C(55) 124(2) C(62)-N(6)-C(66) 116(2) 
C(62)-N(6)-Re( 1) 121.5(14) C(66)-N(6)-Re(l) 123.0(14) 
N(6)-C(62)-C(63) 125(2) C(62)-C(63)-C(64) 118(2) 
C(65)-C(64)-C(63) 119(2) C(66)-C(65)-C(64) 119(2) 
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Table A11-7c continued 
N(6)-C(66)-C(65) 124(2) F( 13)-B( 1)-F( 12) 109(3) 
F(13)-B(l)-F(1 1) 108(2) F(12)-B(1)-F(l 1) 114(3) 
F(13)-B(1)-F(14) 113(2) F(12)-B(1)-F(14) 106(2) 
F(1 1)-B(1)-F(14) 107(3) F(22)-B(2)-F(23) 109(3) 
F(22)-B(2)-F(21) 112(2) F(23)-B(2)-F(21) 105(2) 
F(22)-B(2)-F(24) 109(2) F(23)-B(2)-F(24) 116(2) 
F(21)-B(2)-F(24) 107(3) 
Table A11-7d Anisotropic displacement parameters (A2 x 10) 
U11 	U22 	U33 	U23 
for [Re(py)6] [BF4]3t 
U 1 3 	U 1 2 
Re(1) 34(1) 20(1) 35(1) -12(1) 1(1) -2(1) 
N(1) 30(11) 20(9) 29(11) -23(9) -1(9) 5(8) 
 51(22) 53(21) 40(19) 23(16) -14(17) -5(16) 
 47(18) 56(17) 23(15) -4(13) 29(13) 23(14) 
 53(21) 82(26) 60(23) 29(20) 11(18) -7(18) 
 40(18) 84(27) 50(20) 19(18) 1(16) -20(16) 
 44(17) 10(12) 126(34) 12(15) -22(21) 0(11) 
N(2) 22(11) 16(9) 64(15) -20(10) 15(10) 0(9) 
 33(17) 40(16) 26(15) 11(13) 5(13) -5(12) 
 61(20) 41(16) 48(19) 7(14) -14(17) -15(15) 
 77(24) 54(18) 39(17) -13(15) 10(16) -13(18) 
 51(19) 57(19) 43(18) -8(15) 5(15) 0(15) 
 51(19) 60(19) 31(16) -3(15) -9(15) -15(16) 
N(3) 45(13) 12(9) 46(14) -10(9) -26(12) 11(9) 
 20(13) 63(18) 30(15) 20(13) 12(12) 14(12) 
 52(21) 67(22) 73(26) 27(20) 14(19) 15(18) 
 41(20) 93(28) 91(31) 32(24) -8(21) 0(19) 
 68(23) 52(18) 46(18) 0(15) 16(17) 27(16) 
 33(15) 49(15) 41(16) 1(14) 6(13) 9(13) 
N(4) 29(12) 37(12) 38(12) -3(10) 22(10) -2(9) 
 45(18) 47(16) 35(15) -7(13) 2(14) 11(15) 
 41(20) 27(15) 178(43) 38(21) -52(25) -6(14) 
 51(20) 40(16) 80(25) -21(16) -35(18) -25(15) 
 86(28) 16(15) 118(33) -50(18) 3(25) -10(16) 
 50(19) 46(17) 65(21) -8(16) 3(17) 25(15) 
N(S) 33(12) 0(8) 38(12) 0(8) -1(10) 9(8) 
 47(21) 55(21) 26(16) -4(15) -11(16) 7(16) 
 5 1(17) 24(12) 26(14) -6(11) -4(13) 9(12) 
 101(28) 37(16) 39(18) 11(14) -16(18) -20(17) 
 61(19) 25(13) 42(17) 26(12) 9(15) 19(13) 
 51(16) 11(10) 47(18) -5(9) 14(12) 18(11) 
N(6) 37(14) 84(19) 22(13) -21(13) 12(11) -4(12) 
 34(18) 17(12) 111(36) -3(17) 24(21) -7(12) 
 30(17) 53(20) 176(47) -70(27) -9(24) 10(15) 
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Table All-7d continued 
 73(25) 57(20) 71(26) -25(19) -20(21) -42(19) 
 90(27) 37(16) 112(33) -35(19) 47(27) -31(17) 
 94(23) 44(14) 23(20) -10(11) 18(14) -36(15) 
B(l) 1(11) 30(14) 59(19) -26(14) -2(11) 7(10) 
F(l1) 532(127) 220(58) 305(77) 111(62) 6(88) -159(73) 
 70(18) 88(20) 486(82) -22(33) -8(36) 14(15) 
 148(32) 101(24) 462(85) -91(40) 155(45) -23(24) 
 105(18) 53(12) 216(35) 36(17) -27(23) -22(13) 
B(2) 102(32) 36(17) 46(22) -33(17) -30(22) 17(21) 
 221(36) 12(9) 327(52) 38(18) 134(37) -1(15) 
 93(20) 312(46) 103(21) -128(27) -17(17) 58(24) 
 260(42) 63(15) 110(23) -19(15) 42(26) -27(20) 
 98(18) 83(16) 171(29) -30(17) -30(21) 42(14) 
t The anisotropic displacement factor exponent takes the form: -2 ir2(h2 a*2 U11  + 
+2hk a*b*U i ). 
Table All-7e Hydrogen coordinates (x 10) and isotropic displacement parameters 
(A2 x iO) for [Re(jy)6][BF4]3 
X Y z U(eq) x Y z U(eci) 
H(12) 1622 313 1231 57 H(13) 2322 166 178 50 
H(14) 3148 1864 -161 78 H(15) 3037 3752 520 69 
H(16) 2284 3817 1540 72 H(22) 518 501 3732 40 
H(23) -348 471 4675 60 H(24) -922 2361 5096 68 
H(25) -641 4235 4432 60 H(26) 112 4108 3413 57 
H(32) 1113 4766 1595 45 H(33) 273 6202 1085 77 
H(34) -1068 5748 1057 90 H(35) -1519 4165 1876 67 
H(36) -637 2675 2269 50 H(42) 2853 2674 2728 51 
H(43) 3744 4108 3154 98 H(44) 3309 6148 3512 68 
H(45) 1963 6487 3593 88 H(46) 1129 5023 3101 64 
H(52) 1896 1853 4003 51 H(53) 2685 538 4669 40 
H(54) 3327 -1128 4066 71 H(55) 2897 -1687 2885 51 
H(56) 2034 -390 2290 44 H(62) 165 1724 1104 65 
H(63) -647 295 540 104 H(64) -972 -1587 1163 80 
H(65) -362 -2027 2281 95 H(66) 497 -580 2762 65 
Table All-8a Crystal data and structure refinement for [NtBu 4][ReCl5(NCPh)] 
Empirical formula C23H41 C15N2Re 
Formula weight 709.03 
Wavelength 0.71073 A 
Temperature 220(2) K 
Crystal system Triclinic 
Space group P-i 
Unit cell dimensions a = 10.819(2) A, b = 11.086(2) A, c = 13.085(2) 
A, a=93.02(2)°, 13 = 101.736(19)°, y= 94.608(13)° 
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Table AI1-8a continued 
Volume, Z 
Number of reflections for cell 
Density (calculated) 
Absorption coefficient 
F(0 0 0) 
Crystal description 
Crystal size 








Program used for refinement 
Hydrogen atom placement 
Hydrogen atom treatment 
Data/restraints/parameters 
Goodness-of-fit on F 2 
1528. 0(5) A3 , 2 






2.52 to 25.01 0 
-12:!~ h:!~ 12,-13:!~ k:!~ 13,0<1:!~ 15 
5391 
5378, (R= 0.1404) 
a)-0 
Numerical (Tmm = 0.355, Tmax = 0.593) 
Patterson (DIRDIF) 






Conventional R [F > 4c(F)] 	R1 = 0.0341 (4679 data) 
Weighted R (F 2 and all data) wR2 = 0.0730 
Final maximum My 	 0.001 
Largest duff peak and hole 	0.705 and -0.5 83 eA 3 
Table All-8b Atomic coordinates (x 10) and equivalent isotropic displacement 
parameters (A2 x 1 O) for [N'Bu4] [ReC15(NCPh)]t 
x y z U(eq) 
Re(1) 954(1) 2010(1) 2747(1) 32(1) 
Cl(1) -1034(1) 2707(1) 2544(1) 47(1) 
C1(2) 1703(2) 3589(1) 1840(1) 50(1) 
 377(2) 797(1) 1190(1) 51(1) 
 387(1) 386(1) 3683(1) 46(1) 
 1733(2) 3174(1) 4334(1) 49(1) 
N(1) 2733(4) 1325(4) 2952(4) 44(1) 
 3652(6) 884(5) 3116(5) 44(1) 
 4798(5) 311(5) 3372(4) 41(1) 
 4764(6) -795(6) 3808(6) 61(2) 
 5893(7) -1317(6) 4122(6) 64(2) 
 6991(6) -729(6) 4005(5) 56(2) 
 7020(6) 343(7) 3562(6) 63(2) 
 5923(6) 880(6) 3230(5) 53(2) 
N(10) 11036(4) 3226(4) 7963(4) 40(1) 
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Table All-8b continued 
C(l1) 10263(6) 2932(5) 6865(4) 46(2) 
Q2 1) 9599(8) 3974(7) 6359(6) 76(2) 
C(31) 8669(8) 3529(10) 5371(6) 97(3) 
C(41) 7486(10) 3 138(13) 5450(11) 187(7) 
C(12) 10208(6) 3609(5) 8715(5) 45(1) 
C(22) 9079(6) 2726(6) 8756(5) 59(2) 
C(32) 8367(7) 3257(7) 9537(6) 74(2) 
C(42) 7195(9) 2472(9) 9574(8) 115(3) 
C(13) 12026(6) 4282(5) 7994(5) 50(2) 
C(23) 13011(6) 4104(6) 7332(5) 61(2) 
C(33) 13940(8) 5226(8) 7427(8) 103(3) 
C(43) 14898(10) 5081(11) 6720(10) 148(5) 
C(14) 11658(6) 2078(5) 8279(5) 46(2) 
C(24) 12557(7) 2181(6) 9334(5) 61(2) 
C(34) 13 168(7) 1017(7) 9537(6) 81(3) 
C(44) 14064(8) 1094(9) 10585(6) 100(3) 
t U(eg) is defined as one third of the trace of the orthogonalized U11 tensor. 
Table All-8c Bond lengths (A) and angles (°) for [N'Bu 4}[ReC15(NCPh)] 
Re(1)-N(1) 2.098(5) Re(l)-C1(1) 2.3131(14) 
Re(1)-C1(3) 2.3256(16) Re(1)-C1(4) 2.3408(15) 
Re( 1)-C1(2) 2.3481(15) Re( 1)-C1(5) 2.3488(16) 
N(1).C(1) 1.129(7) C(1)-C(2) 1.426(8) 
C(2)-C(7) 1.376(8) C(2)-C(3) 1.381(8) 
C(3)-C(4) 1.390(9) C(4)-C(5) 1.349(9) 
C(5)-C(6) 1.350(9) C(6)-C(7) 1.372(8) 
N(10)-C(11) 1.512(7) N(10)-C(13) 1.514(7) 
N(10)-C(14) 1.524(7) N(10)-C(12) 1.527(7) 
C(11)-C(21) 1.519(8) C(21)-C(31) 1.501(10) 
C(3 1)-C(41) 1.345(12) C(12)-C(22) 1.514(8) 
C(22)-C(32) 1.522(9) C(32)-C(42) 1.489(10) 
C( 13)-C(23) 1.523(8) C(23)-C(33) 1.518(9) 
C(33)-C(43) 1.536(12) C(14)-C(24) 1.511(8) 
C(24)-C(34) 1.509(9) C(34)-C(44) 1.503(10) 
N(1)-Re(1)-C1(l) 178.05(14) N(1)-Re(1)-C1(3) 87.50(14) 
C1( 1)-Re( 1)-C1(3) 92.22(6) N( l)-Re( 1)-C1(4) 85.50(14) 
Cl( 1)-Re( 1)-Cl(4) 92.57(5) C1(3)-Re( l)-C1(4) 90.56(6) 
N( 1)-Re( 1)-C1(2) 89.53(14) Cl( 1)-Re( 1)-C1(2) 92.40(6) 
C1(3)-Re( l)-C1(2) 89.74(6) C1(4)-Re( 1)-C1(2) 175.00(5) 
N(1)-Re( 1)-Cl(S) 87.01(14) C1(1)-Re(1)-C1(5) 93.28(6) 
0(3)-Re( 1)-0(5) 174.49(6) C1(4)-Re( 1)-Cl(s) 89.47(6) 
0(2)-Re(1)-0(5) 89.75(6) C(l)-N(l)-Re(1) 173.9(5) 
N( l)-C( 1)-C(2) 177.1(6) C(7)-C(2)-C(3) 120.9(6) 
C(7)-C(2)-C(l) 120.4(6) C(3)-C(2)-C(l) 118.6(5) 
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Table All-8c continued 
C(2)-C(3)-C(4) 118.7(6) C(5)-C(4)-C(3) 119.5(6) 
C(4)-C(5)-C(6) 121.7(6) C(5)-C(6)-C(7) 120.5(6) 
C(6)-C(7)-C(2) 118.6(6) C(11)-N(10)-C(13) 111.0(5) 
C(11)-N(10)-C(14) 105.9(4) C(13)-N(10)-C(14) 110.9(4) 
C(l1)-N(10)-C(12) 111.4(4) C(13)-N(10)-C(12) 106.1(4) 
C(14)-N(10)-C(12) 111.5(4) N(10)-C(I1)-C(21) 115.5(5) 
C(3 1)-C(21)-C(1 1) 110.9(7) C(41)-C(3 1)-C(21) 117.8(9) 
Q22)-Q12)-N(10) 115.8(5) C( 12)-C(22)-C(32) 108.4(6) 
C(42)-C(32)-C(22) 111.7(7) N(10)-C(13)-C(23) 116.4(5) 
C(33)-C(23)-C(13) 111.2(6) C(23)-C(33)-C(43) 111.7(8) 
Q24)-Q14)-N(10) 115.5(5) C(34)-C(24)-C( 14) 110.9(6) 
C(44)-C(34)-C(24) 111.9(7) 
Table All-8d 	Anisotropic 	displacement 
[NBu4] [ReC15(NCPh)]t 







Re(1) 32(1) 32(1) 33(1) 4(1) 7(1) 10(1) 
 39(1) 53(1) 53(1) 12(1) 10(1) 22(1) 
 56(1) 46(1) 53(1) 16(1) 18(1) 8(1) 
 62(1) 49(1) 41(1) -7(1) 7(1) 9(1) 
 41(1) 45(1) 54(1) 17(1) 8(1) 7(1) 
CI(5) 60(1) 44(1) 39(1) -4(1) 1(1) 11(1) 
N(1) 35(3) 52(3) 48(3) 9(2) 12(2) 15(2) 
 41(3) 50(4) 43(4) 5(3) 11(3) 12(3) 
 34(3) 50(4) 41(3) 6(3) 11(3) 12(3) 
 5 1(4) 60(4) 77(5) 13(4) 22(4) 7(3) 
 66(5) 59(4) 71(5) 19(4) 13(4) 28(4) 
C(S) 50(4) 68(5) 49(4) -1(3) 1(3) 29(4) 
 34(4) 72(5) 84(5) 7(4) 12(3) 9(3) 
 45(4) 50(4) 66(4) 15(3) 11(3) 12(3) 
N(10) 47(3) 31(2) 43(3) 3(2) 9(2) 14(2) 
C(11) 56(4) 47(4) 36(3) -3(3) 9(3) 8(3) 
C(21) 92(6) 80(5) 54(5) 2(4) -2(4) 47(5) 
C(31) 82(6) 161(9) 44(5) -7(5) -4(4) 50(6) 
C(41) 93(9) 229(15) 212(15) -88(12) 30(9) -82(10) 
C(12) 55(4) 43(3) 38(3) 1(3) 9(3) 20(3) 
C(22) 58(4) 64(4) 57(4) 5(4) 14(3) 9(3) 
C(32) 70(5) 89(6) 69(5) 17(4) 23(4) 18(4) 
C(42) 95(7) 135(9) 123(9) 13(7) 52(6) -7(6) 
C(13) 63(4) 34(3) 55(4) 2(3) 14(3) 1(3) 
C(23) 65(5) 61(4) 59(4) 6(4) 18(4) 0(4) 
C(33) 93(7) 83(6) 141(9) - 10(6) 60(6) -16(5) 
C(43) 106(8) 162(11) 183(13) -15(10) 71(9) -33(8) 
C(14) 54(4) 35(3) 52(4) 8(3) 10(3) 14(3) 
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Table All-8d continued 
C(24) 	75(5) 	65(4) 	52(4) 	14(3) 	21(4) 33(4) 
C(34) 77(6) 94(6) 83(6) 34(5) 22(5) 48(5) 
C(44) 	90(6) 	164(9) 	67(6) 	45(6) 	30(5) 74(6) 
t The anisotropic displacement factor exponent takes the form:-2 
71   (h 2 a*2  U11  +.. 
+2hk a*b*U12).  
Table All-8e Hydrogen coordinates (x iO) and isotropic displacement parameters 
(A2 x 10) for [NBu4][ReCl5(NCPh)] 
X y z U(eq) x y z U(eci) 
H(3) 3991 -1188 3890 73 H(4) 5892 -2074 4413 77 
H(5) 7755 -1073 4238 67 H(6) 7798 725 3480 76 
H(7) 5940 1620 2912 64 H(11A) 9621 2262 6882 56 
H(1 1B) 10824 2647 6422 56 H(21A) 9153 4364 6849 91 
H(21B) 10231 4580 6200 91 H(31A) 8610 4189 4898 116 
H(3 1B) 9021 2864 5036 116 H(41A) 7008 2805 4771 281 
H(41B) 7074 3812 5690 281 H(41C) 7521 2515 5946 281 
H(12A) 10739 3741 9421 53 H(12B) 9897 4389 8519 53 
H(22A) 9366 1944 8972 71 H(22B) 8520 2593 8062 71 
H(32A) 8922 3348 10235 89 H(32B) 8140 4064 9342 89 
H(42A) 6765 2837 10077 172 H(42B) 7419 1677 9781 172 
H(42C) 6638 2391 8888 172 H(13A) 12471 4468 8723 60 
H(13B) 11587 4992 7768 60 H(23A) 13475 3408 7558 73 
H(23B) 12584 3927 6597 73 H(33A) 14396 5378 8156 123 
H(33B) 13471 5929 7236 123 H(43A) 15451 5826 6777 222 
H(43B) 14448 4908 6000 222 H(43C) 15401 4418 6937 222 
H(14A) 10989 1428 8279 56 H(14B) 12125 1835 7746 56 
H(24A) 13215 2849 9357 73 H(24B) 12090 2365 9883 73 
H(34A) 12507 350 9508 97 H(34B) 13634 836 8987 97 
H(44A) 14425 326 10692 150 H(44B) 13606 1272 11132 150 
H(44C) 14738 1733 10607 150 
Table All-9a Crystal data and structure refinement for [N'Bu 4] [ReNCI4 
Empirical formula 	 C 16H36C]4N2Re 









F(0 0 0) 
Crystal size 












2.96 to 30.01 0 
-16:!~ h::~ 16,0:!~ k:!~ 16,0:~ 1:!~ ll 
11.785(3) A, c = 8.458(9) A 
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Table A11-9a continued 
Reflections collected 3733 
unique 1599 (R 	= 0.0541) 
Absorption correction Psi-scans 
Refinement method Full-matrix least-squares on F 2 
Data/restraints/parameters 1599/2/46 
Goodness-of-fit on F2 0.956 
R indices (all data) wR2 = 0.0965 
Completeness to 0=30.01 86.9% 
Max. and min. transmission 0.728 and 0.207 
Final R index [I> 2c (I)] for 1169 data 
Largest duff peak and hole 0.857 and -1.300 eA 3 
Table All-9b Atomic coordinates (x 104  ) 	and 	equivalent 	isotropic displacement 
parameters (A2 x iO) for [NBu4]{ReNCl]4t 
x y z U(eq) 
Re(1) 2500 2500 421(1) 34(1) 
 2500 2500 -1551(18) 87(5) 
Re(1') 2500 2500 1350(2) 38(3) 
N(1') 2500 2500 3330(3) 87(5) 
Cl(1) 1033(1) 1266(1) 1022(3) 60(1) 
 2500 -2500 0 29(2) 
C(1A) 2168(12) -1483(12) -1040(19) 40(3) 
C(1B) 3277(7) -1763(7) -1030(12) 39(2) 
C(2) 2812(6) -1090(6) -2245(9) 59(2) 
C(3A) 2528(14) -188(14) -3210(2) 53(4) 
C(3B) 3588(9) -425(9) -3175(15) 55(3) 
C(4) 3169(8) 207(8) -4575(11) 80(2) 
t U(eq) is defined as one third of the trace of the orthogonalized U11 tensor. 
Table A111-9c Bond lengths (A) angles and torsion angles (°) for [N"Bu4][ReNCI4] 1  
Re(1)-N(1) 1.668(15) Re(l)-Cl(l) 2.3149(15) 
Re( 1')-N( 1') 1.668(16) Re( l')-CI(l) 2.276(3) 
N(2)-C(1B) 1.533(9) N(2)-C( 1A) 1.538(14) 
C(IA)-C(2) 1.353(16) C( 1B)-C(2) 1.409(11) 
C(2)-C(3A) 1.379(18) C(2)-C(3B) 1.438(13) 
C(3A)-C(4) 1.458(18) C(3B)-C(4) 1.483(13) 
N(1)-Re( 1)-C1( 1) 102.67(6) C1( 1)#1-Re( 1)-C1(1) 154.65(12) 
C1( l)-Re( 1)-Cl( 1)#2 87.24(3) N( P)-Re( Y)-Cl( 1) 97.1(4) 
Cl(l)#1-Re(1')-C1(l) 165.8(9) Cl(l)-Re(1')-Cl(1)#2 89.12(11) 
C( 1B)#3-N(2)-C( 1B) 110.8(7) C( 1B)#4-N(2)-C( 1B) 108.8(4) 
C(IA)#3-N(2)-C(IA) 110.2(12) C(IA)#4-N(2)-C(IA) 109.1(6) 
C(2)-C(IA)-N(2) 123.7(10) C(2)-C( 1B)-N(2) 120.1(7) 
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Table All-9c continued 
C( 1A)-C(2)-C(3A) 124.9(11) C( 1B)-C(2)-C(3B) 117.3(8) 
C(2)-C(3A)-C(4) 126.1(13) C(2)-C(3B)-C(4) 119.9(9) 
C( 1B)#3-N(2)-C( 1A)-C(2) -98.3(13) C( 1B)#4-N(2)-C( 1A)-C(2) 151.3(14) 
C( 1B)#5-N(2)-C( 1A)-C(2) 46(3) C( 1B)-N(2)-C( 1A)-C(2) 20.2(9) 
C(IA)#3-N(2)-C( IA)-C(2) -50.3(11) C(IA)#5-N(2)-C(IA)-C(2) 69.5(8) 
C(IA)#4-N(2)-C(IA)-C(2) -170.1(14) C( 1B)#3-N(2)-C( 1B)-C(2) 51.4(6) 
C( 1B)#4-N(2)-C( 1B)-C(2) -68.2(5) C( 1B)#5-N(2)-C( 1B)-C(2) 171.0(8) 
C( 1A)#3-N(2)-C( 1B)-C(2) 99.2(10) C( 1A)#5-N(2)-C( 1B)-C(2) -150.2(10) 
C( 1A)#4-N(2)-C( 1B)-C(2) -47(2) C( 1A)-N(2)-C( 1B)-C(2) -18.6(9) 
N(2)-C(U)-C(2)-C(3A) 179.2(12) N(2)-C( 1B)-C(2)-C(3B) -179.6(8) 
C( 1A)-C(2)-C(3A)-C(4) -175.8(13) C( 1B)-C(2)-C(3B)-C(4) 173.6(9) 
t Symmetry transformations used to generate equivalent atoms: 
#1 -x±1/2,-y+1/2, z, 
#2 -y+1/2, x, z, 
#3 -x+1/2, -y-112, z, 
#4 -y, x-1/2, -z, 
#5 y+ 1/2, -x, -z. 
Table All-9d Anisotropic displacement parameters (A2 x iO) 	for 
[N1'Bu4 [ReNCI4]t 
U11 	U22 	U33 U23 	U13 	U1 2 
Re(1) 	32(1) 32(1) 38(1) 0 0 0 
Cl(1) 39(1) 	41(1) 	100(2) 7(1) 	4(1) 	-6(1) 
The anisotropic displacement factor exponent takes the form: -2 7t 2 
(h2 a*2 U11 +2hka*b* U12) 
Table All-9e Hydrogen coordinates (x 10) and isotropic displacement parameters 
(A2 x 10) for [NBu4][ReNCI4] 
X y z U(eg) x y z U(eg) 
H(1A) 1431 -1661 -1487 48 H(1B) 2052 -848 -328 48 
H(1C) 3689 -1260 -327 46 H(lD) 3832 -2263 -1512 46 
H(2A) 2936 -1731 -2944 71 H(2B) 3545 -906 -1790 71 
H(2C) 2264 -577 -1773 71 H(2D) 2398 -1586 -2956 71 
H(3A) 2458 463 -2512 63 H(3B) 1770 -348 -3593 63 
H(3C) 4184 -930 -3535 66 H(3D) 3939. 122 -2471 66 
H(4A) 2800 859 -5022 120 H(4B) 3206 -386 -5351 120 
H(4C) 3924 409 -4252 120 H(4D) 3787 613 -5052 120 
H(4E) 2593 734 -4252 120 H(4F) 2857 -317 -5327 120 
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